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Kosmos 60 is today the most talked about 
furnace black for reinforcing natural and synthetic 
rubber. It originates from oil, and its manufac- 
ture is scientifically controlled to meet the highest 
standards. Its superb processing and balance of 
strength make for the best in rubber products. 


UNITED CARBON COMPANY, INC. 
Charleston 27, W. Va. 


New York ® Akron ® Chicago ® Boston © Memphis 
Canada: Canadian Industries (1954) Limited. 


Ponca City, Oklahoma Westlake, Louisiana 
Eunice, New Mexico Sunray, Texas 


Separate locations—yes...but the same high quality comes from all 
Witco-Continental plants. Produced under strict laboratory control, these 
rubber blacks are designed to meet all customer specifications. 


CONTINEX® SRF, SRF-NS, HMF, HAF, FEF, ISAF, CF 
CONTINENTAL® AA, A, F, R-40 


WITCO CHEMICAL COMPANY, 


CONTINENTAL CARBON COMPANY 
122 EAST 42nd STREET, NEW YORK 17, N.Y. 


Chicago + Boston + Akron « Atlanta » Houston « Los Angeles 
e San Francisco « London and Manchester, England 


ugust 24, . Acceptance for ing at rate postage provided for paragraph 5 
Section 34.40, P. L. and R. of 1948, mans Vater 25, 1940. 
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The Philblacks are thoroughly checked, tested, and inspected during 
every step of their manufacture to insure dependable, uniform per- 
formance in your finished products. 

These high quality carbon blacks, from the Nation’s largest oil 
furnace black plant, can help you turn out better looking, better 
wearing rubber products . . . at greater profits, too! 

Consult your Phillips technical representative for information 
about how the Philblacks can help you. *A trademark 


LET ALL THE PHILBLACKS WORK FOR YOU! 


A Philblack A, Fast Extrusion Furnace Black. Excellent tubing, molding, 
calendering, finish! Mixes easily. Disperses heat. Non-staining. 


Philblack 0, High Abrasion Furnace Black. For long, durable life. 
Pe Good conductivity. Excellent flex life and hot tensile. Easy 
processing. 
J | Phitoiack 1, intermediate Super Abrasion Furnace Black. Superior 
abrasion. More tread miles at moderate cost. 


E Philblack E, Super Abrasion Furnace Black. Toughest black yet! Ex- 
treme resistance to abrasion. 


PHILLIPS CHEMICAL COMPANY, Rubber Chemicals Division, 318 Water Street, Akron 8, Ohio « District 
Offices: Chicago, Dallas, Providence and Trenton * West Coast: Harwick Standard Chemical Company, 
Los Angeles, California * Warehouse Stocks at Akron, Chicago, Trenton, Brighton, Mass. and Toronto, Canada 
Expert eles New York 5, New York * Europoan Sales Office: Limmatquai 70, Zurich 1, 
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Ad CRACKING CONTROL 


FROM OZONE CRACKING with 
ANTIOZONANTS UOP 88 AND UOP 288, 


If your product is made of rubber, either natural or synthetic, 

you should protect it from ozone. With UOP 88 and the 

newer UOP 288 you can completely eliminate ozone cracking. 
Don’t take chances with the salability of your product when 

it comes face to face with the potential customer. Don’t jeopardize 
repeat business with merchandise that cracks and deteriorates. 

Use UOP 88 or UOP 288—premium antiozonants for 

superior products. Write us for details. 


UNIVERSAL OIL 
PRODUCTS COMPANY 


30 ALGONQUIN ROAD 
DES PLAINES, ILLINOIS 
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DU PONT 
CHEMICALS and 
COLORS 


FOR THE RUBBER INDUSTRY 


DEPENDABLE IN PERFORMANCE... UNIFORM IN QUALITY 


ACCELERATORS ORGANIC ISOCYANATES 

Accelerator 89 MBTS Grains Thiuram E Hylene* M Hylene* T 
Accelerator 552 NA-22 Thiuram E Grains Hylene* M-50 Hylene* TM 
Accelerator 808 Permalux Thiuram M Hylene* MP Hylene* TM-65 


Accelerator 833 Polyac Pellets Thiuram M Grains 
PEPTIZING AGENTS 
RPA No. 3 Concentrated 


Conac S Tepidone Zenite 

MBT Zenite Special 

MBTS Zenite A i RPA No. 6 
i Zenite AM 

ANTI-OXIDANTS 

Akroflex C Pellets | Neozone A Pellets Thermoflex A Pellets RECLAIMING CHEMICALS 

Akroflex CD Pellets Neozone D Zalba RPA No. 3 RR-10 

Antox Permalux 
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MOLD LUBRICANTS AND 
AQUAREXES ("DISPERSING AGENTS 
Aquarex D Aquarex MDL Aquarex SMO 
Aquarex G Aquarex ME Aquarex WAQ 
Aquarex L Aquarex NS 


BLOWING AGENTS 
Unicel ND Unicel NDX Unicel S 


COLORS—Rubber Dispersed Colors 
Rubber Red PBD Rubber Green FD 
Rubber Red 2BD Rubber Biue PCD 
Rubber Yellow GD Rubber Blue GD 
Rubber Green GSD Rubber Orange OD 


SPECIAL-PURPOSE CHEMICALS 


BARAK — Retarder acti- 
vator for thiazole accel- 
erators 


inhibitor 66—\n- 
hibits catalytic action of 
copper on elastomers 
ELA, ELA-N—Elastomer 
lubricating agents 
HELIOZONE—Sun- 
checking inhibitor 


DISTRICT OFFICES 


Akron 8, Ohio, 40 E. Buchtel Ave. at High St. . 
Atlanta, Ga., 1261 Spring St., N.W. 

Boston 10, Mass., 140 Federal St. 

Charlotte 1, N. C., 427 W. 4th St. 

Chicago 3, Il1., 7 South Dearborn St 

Detroit 35, Mich., 13000 W. 7-Mile Rd 
Houston 6, Texas, 2601A West Grove Lane . 
Los Angeles 58, Calif., 2930 E. 44th St. 

Palo Alto, Calif., Welch Rd. 


2-8461 
Rinity 5-5391 
6-1711 
FRanklin 5-5561 
ANdover 3-7000 
UNiversity 4-1963 
MOhawk 7-7429 


DAvenport 6-7550 


NBC — Inhibits weather 
and ozone cracking of 
SBR compounds. Im- 
proves heat and sun- 
light discoloration resist- 
ance of neoprene stocks. 


RETARDER W 
Retarder-activator for 
acidic accelerators. Also 
an activator for certain 
blowing agents. 


U.S. PAT. OFF. 


E. I. du Pont de Nemours & Co. (Inc.) 
Elastomer Chemicals Department 


Trenton 8, N. J., 1750 N EXport 3-7141 


In New York call WAlker 5-3290 


in Canada contact: Du Pont Company of Canada (1956) Ltd., Box 660, Montreal 
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Home of quality—in product and service! 


Pictured above is the home of the 
Goodyear Chemical Division — the 
home of one of the most complete 
lines of raw materials for the rub- 
ber industry. 


Here quality of product is a prime 
consideration, but of equal concern 
is the quality of service accompany- 
ing the product’s sale and supply. 
Here well-staffed and well-equipped 
development and sales service labo- 
ratories are maintained. Here 


extensive technical literature is 
prepared. Here sales representa- 
tives are carefully and specifically 
trained. 


Here then, is the place for you to 
go, when you need styrene or nitrile 
rubbers or latices, reinforcing 
resins, antioxidants or other rubber 
chemicals. For full details, includ- 
ing the latest Tech Book Bulletins, 
just write to Goodyear, Chemical 
Division, Akron 16, Ohio. 


AR 


CHEMIGUM «+ PLIOFLEX * PLIOLITE 


PLIOVIC 


WING-CHEMICALS 


Chemigum, Pliofiex, Pliolite, Pliovic, Wing-Stay —T. M.'s The Goodyear Tire & Rubber Company, Akron, Ohio 
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BUTYL 


For full information and technical assistance 
on applications of ENJAY BUTYL, write or phone: 


Pioneer in Petrochemicals 


ENJAY COMPANY, INC., 15 w. sist st., New York 19, PLaza 7-1200 
Other Offices: Akron - Boston + Charlotte - Chicago - Detroit » Los Angeles » New Orleans - Tulsa 
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TWO OUTSTANDING ANTIOXIDANTS FOR WHITE AND PASTEL STOCKS 


ANTIOXIDANT 2246°—For 
Best Combined Protection 


Increasing customer preference for 
white and pastel shades has high- 
lighted the performance of rubber 
chemicals in maintaining original 
color properties. Many rubber 
chemicals suitable for blacks and 
deep shades have been rejected for 
lighter stocks through their in- 
ability to keep discoloration at a 
minimum. Cyanamid’s Antioxidant 
2246 is, however, admirably suited 
for such work, and is generally 
considered the most effective chem- 
ical available for combined pro- 
tection against discoloration and 
age degradation. 
Antioxidant 2246 offers excellent 
protection against oxidation, and 
is particularly effective against sur- 
face oxidation induced by light. 
Even in the finest white rubber, 
only a slight amount of discolora- 
tion results from prolonged ex- 
posure to sunlight. Antioxidant 
2246 disperses readily in dry rub- 
ber and can be used as a water- 
dispersion for latex compounds. It 
has little or no effect on scorching 
tendencies or cure in the recom- 
mended dosages. This outstanding 
rubber chemical gives very satis- 
factory cured physical properties 
with commonly used accelerator 
systems. Flex life of the rubber is 
markedly improved. 
Free-flowing Antioxidant 2246 is 
soluble in most organic solvents. 
In the rubber itself, solubility at 
room temperature is somewhat 
eater than 2.0%. At recommended 
osages, therefore, the possibility 
of bloom is remote. Antioxidant 
2246 has good dry-storage sta- 
bility, is non-toxic under normal 
conditions of use, and imparts no 
odor to the rubber stock. 
The effectiveness of Antioxidant 
2246 has been fully proved in ap- 
plications ranging from drug sun- 
dries to footwear, from rubber 
thread to latex compounds. Full 
details on Antioxidant 2246 are 
given in Rubber Chemicals Tech- 
nical Bulletin No. 815C. 


ANTIOXIDANT 425°—For the 
Ultimate in Non-Staining 
The ‘‘ultimate’’ in protection of 
a rubber product requires exacting 
standards in the compounding in- 
gredients. This is particularly true 
when premium color retention is 
desired in white and pastel rubber 
goods. Most commercially available 
antioxidants fail to provide this 
premium degree of protection. Cy- 
anamid’s Antioxidant 425 was de- 
veloped especially to meet this 
need. Extensive field experience 
with Antioxidant 425 has shown its 
effectiveness in keeping whites 
whiter (and pastels cleaner and 
brighter) even after prolonged ex- 
posure periods. 

This antioxidant offers excellent 
protection against oxidation in nat- 
ural rubber, SBR and neoprene. 
It is beneficial against fatigue 
caused by flexing, disperses readily 
in dry rubber, can be water-dis- 
persed for latex compounds, and 
has little or no effect on scorching 
tendency or cure in the dosage 
recommended. Cured physical prop- 
erties are satisfactory with com- 
monly used accelerators. No odor is 
imparted to rubber stocks in which 
Antioxidant 425 is used. 

This premium grade rubber chemi- 
eal is a cream-to-white free-flowing 
powder with excellent storage sta- 
bility. It is not toxic under normal 
conditions of use. Antioxidant 425 
is soluble in acetone, benzene, gaso- 
line and most other organic sol- 
vents . . . insoluble in water. 

The chemical and physical prop- 
erties, compounding activity and 
product uses of Antioxidant 425 
are fully described in Rubber 
Chemicals Technical Bulletin No. 
840. 


For copies of these valuable addi- 
tions to your bookshelf, contact 
your Cyanamid Rubber Chemicals 
Representative or write direct to 
American Cyanamid Company, Rub- 
ber Chemicals Department, Bound 
Brook, New Jersey. 
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Under contro/ 


You have product costs under better control when 
you use TEXAS CHANNEL BLACKS. They are always 
dependable in quality, uniformity and availability. 


TEXAS “E” and TEXAS ““M” CHANNEL BLACKS, 
used alone or in blends, give extra quality to your 
stocks — improving tear, tensile, elongation, and heat 
build-up. 


Try them and prove to your own satisfaction that 
they can give you better products for less money. 


Sid Richardson 


CARBO N 
FORT WORTH, TEXAS GENERAL SALES OFFICES 


EVANS BUILDING 
AKRON 8, OHIO 


8 
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2 
TEXAS 
“CHANNEL BLACKS: 
® 


RUBBER CHEM. & TECH.—July-Sept. 1958 9 


HI-SIL° GIVES NEW STRETCH TO VALUES 


Used alone or in combination loadings of both black and non-black stocks, 
Hi-Sil 233 upgrades physical properties at extremely attractive costs 
Steadily increasing numbers of compounders are now using Hi-Sil 233, Columbia- 
Southern’s white silica reinforcing pigment, in recipes that formerly called for 

either silicate type reinforcers or carbon blacks. Here are four reasons why: 

1. Good color qualities while retaining exceptional physical characteristics. 

2. Much better physical properties at the same pound-volume cost. 

3. Measurably equal quality at lower pound-volume cost. 

4. In some instances, improved quality at slightly lower pound-volume cost. 
Write today for helpful information about improving your industrial and 
consumer goods formulations with Hi-Sil. Room 1929-T, at our Pittsburgh Office. 


COLUMBIA-SOUTHERN CHEMICAL CORPORATION 
Subsidiary of Pittsburgh Plate Glass Company « One Gateway Center, Pittsburgh 22, Penna. 
DISTRICT OFFICES: Cincinnati « Charlotte « Chicago « Cleveland « Boston « New York « St. Louis 
Minneapolis « New Orleans « Dallas « Houston « Pittsburgh « Philadelphia « San Francisco 
IN CANADA: Standard Chemical Limited 
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MONSANTO RUBBER CHEMICALS ANSWER A 
FREQUENTLY ASKED COMPOUNDING QUESTION 


Monsanto announces Santoflex GP——the newest and best antiozonant 
you can use to "vaccinate" rubber against ozone attack. "GP" 
shows minimum staining. Now you can benefit from an antiozonant 
in mechanical goods and other industrial products just as tire- 
makers do in their compounds...Santoflex GP gives prolonged 
crack resistance to belting, electrical insulation, motor mounts, 
hose and appliance parts. An easily handled solid, "GP" imparts 
excellent ozone resistance. 


Static Ozone Test (48 Hours) Dynomic Ozone Test (36,000 Flexes—48 Hours) Migration Stain Test 


q (ASTM Test D-925-55, Method B) 
See the difference 2-PPH “Santoflex GP makes on SBR-1500 in 
a typical compound. Stocks exposed to approximately 50 parts 
of ozone per 100 million parts of air at 100°F. for 48 hours show 
how Santoflex GP substantially retards ozone cracking-——yet does 
not migrate into or stain a white auto lacquer. 


plant and process has different compound requirements. That's why 
Monsanto recommends no "canned" formulations or "cure—alls"——we 
do offer samples of Santoflex GP along with technical help in 
testing it out for your specific application. The coupon is for 


your convenience Js SANTOFLEX: MONSANTO T. M., REG. U. 8. PAT. OFF. 


MONSANTO CHEMICAL COMPANY 
Rubber Chemicals Department, Akron 11, Ohio 


Please send me a sample of new Santofiex GP. 


ZONE... 


Monsanto 


8 @ @ 
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Use staining qualities 


CURRENT PHILPRENE POLYMERS 


PHILPRENE 1000 
PHILPRENE 1001 
PHILPRENE 1006 
PHILPRENE 1009 
PHILPRENE 1010 
PHILPRENE 1018 
PHILPRENE 1019 


PHILPRENE 1100 ** 
PHILPRENE 1104 


** Pigmented with EPC Black 


PHILPRENE 1500 
PHILPRENE 1502 
PHILPRENE 1503 


PHILPRENE 1601 
PHILPRENE 1605 


PHILPRENE 1703 
PHILPRENE 1706 
PHILPRENE 1708 
PHILPRENE 1712 


PHILPRENE 1803 
PHILPRENE 1805 


No stains from your soles! White 
tire walls will be white! Light- 
colored rubber goods including 
sponge, will be free from discol- 
oration when you use the right 
Philprene rubber. 

Philprene polymers are avail- 
able in hot, cold, pigmented, 
non-pigmented and cold oil 
types, many of which are non- 
staining, with others designed for 
special applications. 

Write for our Philprene Poly- 
mers brochure. There are many 
Philprene Polymers from which 
to choose, Consult your Phillips 
representative to determine which 
are best suited for your products. 
Phillips technical service and 
laboratory facilities can help 
solve your individual problems. 
Take full advantage of this service. 


*A trademark 


PHILLIPS CHEMICAL COMPANY, Rubber Chemicals Division, 318 Water Street, Akron 8, Ohio 
District Offices: Chicago, Dallas, Providence and Trenton @ West Coast: Harwick Standard 
Chemical Company, Los Angeles, California ¢ Warehouse Stocks at Akron, Boston, Chicago, 
Trenton ond Toronto, Canada © Expert Sales: 80 Broadway, New York 5, New York 
European Sales Office: Limmatquai 70, Zurich 1, Switzerland. 
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Around the World Mileage 
with CABOT CARBON BLACKS 


CHANNEL - FURNACE - THERMAL 


For MAXIMUM RUBBER MILEAGE, whether in tires or in other rubber 
goods, Cabot offers the best quality, greatest variety of carbon blacks 
available. As the world’s only manufacturer of a complete range of channel, 
furnace and thermal blacks, Cabot is able to offer a black to satisfy your 
every rubber requirement. That’s why leading manufacturers of all types 
of rubber products continue to specify Cabot. For best carbon black 
performance, ask for... 


CHANNEL BLACKS 
SPHERON Spheron 9 EPC Spheron 4 MPC Spheron C CC 
Channel Blacks FURNACE BLACKS 
Vulcan 9 SAF Vulcan 6'1SAF Vulcan 3 HAF 


VULCAN Vulean XC-72 ECF Vulean SC SCF Vulcan C CF 


Sterling 99 FF Sterling SO FEF Sterling V GPF 
Sterling LHMF Sterling LLHMF Sterling S SRF 


Sterling NS SRF Pell SRF Pell NS SRF 
NG Sterling R SRF Gostex SRF 
Furnace and Thermal Blacks THERMAL BLACKS 
Sterling FT Sterling MT Sterling MT-NS 


CABOT. GODFREY L. CABOT, INC. 


77 FRANKLIN STREET, BOSTON 10, MASS. 


/ 
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EXPANDED... 
TO BETTER SERVE YOU 


New, Additional Research and 
Customer Service Facilities 


Our research and customer service facilities have been enlarged to help in our 
mutual search for new and improved products for the industry. These new 
facilities will enable us to expedite assistance in formulating and processing 
problems. Some of this equipment is to explore new areas of synthetic rubber and 
liquid polymer chemistry. 

Facilities have been added to develop urethane products with practical prop- 
erties. Our customer service laboratories, too, have been greatly expanded to meet 
the increasing number of requests for product evaluation. 

Skilled Thiokol technicians have at their fingers vast funds of specialized 
knowledge available to you. 

These facilities... this knowledge...is yours for the asking. FOR INFORMATION, 
write to: Thiokol Chemical Corporation, 780 N. Clinton Avenue, Trenton 7, N. J. 


Thiokol - 


PIONEER MANUFACTURER OF SYNTHETIC RUBBER 
THIOKOL CHEMICAL CORPORATION 
780 NORTH CLINTON AVE. + TRENTON 7, NEW JERSEY 


@Registered Trademark of the Thiokol Chemical Corporation 
for its liquid polymers, rocket propellants, plasticizers 
and other chemical products. 
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ADVERTISE m 


RUBBER CHEMISTRY 
AND TECHNOLOGY 


KEEP YOUR NAME AND YOUR 
PRODUCTS CONSTANTLY BEFORE 
THE RUBBER TECHNOLOGIST 


Advertising rates and information about 


available locations may be obtained from 
E. H. Krismann, Advertising Manager, Rub- 
ber Chemistry and Technology, care of E. I. 
du Pont de Nemours & Company, 40 East 
Buchtel Ave. at S. High St., Akron 8, Ohio. 
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Accelerators, 


Anti-Oxidants 


NAUGATUCK 


performance. 


NAUGATUCK supplies a 
complete line of proven 
accelerators, activators, 
anti-oxidants, and special 
chemicals to give you 
thorough control of rubber 
product manufacture and 


ACCELERATORS 
THIAZOLES — 
M-B-T 
M-B-T-S O-X-A-F 
THIURAMS — 
MONEX*t TUEXT 
MORFEX ETHYL TUEXt 
PENTEX* 
DITHIOCARBAMATES — 
ARAZATE* ETHAZATE*t 
BUTAZATE* METHAZATE*T 
ETHAZATE-50D 
ALDEHYDE AMINES — 
BEUTENE* HEPTEEN BASE* 
TRIMENE* TRIMENE BASE* 


XANTHATES — 
C-P-B* z-8-x* 

ACTIVATORS 

VULKLOR DIBENZO G-M-F 

D-B-A G-M-F 
ANTI-OXIDANTS 

AMINOX* B-L-E* 

ARANOX* B-X-A 

V-G-B* FLEXAMINE 


OCTAMINE* BETANOX* Special 
SPECIAL PRODUCTS 


BWH-|! SUNPROOF* Improved 
CELOGEN SUNPROOF* Junior 
CELOGEN-AZ SUNPROOF* —713 
E-S-E-N SUNPROOF* Regular 
LAUREX* SUNPROOF* Super 
TONOX* KRALAC* A-EP 


SPECIAL PRODUCTS FOR 


SYNTHETIC POLYMERS 
DDM — modifier 
THIOSTOP K&N —short stops 


POLYGARD — stabilizer Reg. U. S. Pat. Of. 


THE WORLD’S LEADING 
MANUFACTURER OF 
RUBBER CHEMICALS 


LOOKING FOR... 
Plastics 
Reclaimed Rubber 
Synthetic Rubber 
latices 


Write, on your letterhead, for technical data 


or assistance with any Naugatuck product. 


tthese products furnished either in powder form or fast- 


dispersing, free-flowing NAUGETS. 


Division of United States Rubber Company 
Naugatuck. Connecticut 


IN CANADA NAUGATUCK CHEMICALS DIVISION 

Dominion Rubber Company, Limited, Elmira, Ontario 
RUBBER CHEMICALS « SYNTHETIC RUBBER « PLASTICS « AGRICULTURAL CHEMICALS 
RECLAIMED RUBBER e LATICES e Cable Address: Rubexport, N. Y. 


S Naugatuck Chemical US 
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HOW YOU BENEFIT WHEN YOU USE 
SUN RUBBER PROCESS AIDS 


IF YOU PROCESS | BECAUSE 


New low cost! Low 
staining properties 
on white goods. 

CIRCOSOL-2XH Improves GR-S re- 
bound. Constant 
uniformity assures 
minimum down- 
grading. 


Olt EXTENDED 
POLYMERS 
GR-S TYPES 1703 
1707 
1708 
18601 


OIL EXTENDED 
POLYMERS 
GR-S TYPES 1705 
1709 
1710 


Versatile. Highly 


SUNDEX-53 compatible with 


natural rubber, re- 
claims, GR-S types. 


Cost of d 
SUNDEX-53 


cost elastomers. 


NEOPRENE WHY 


True softening by 


CIRCO LIGHT physical changes 
RUBBER in rubber struc- 

PROCESS-AID 


without blooming. 


REGULAR NEOPRENES 
and 
NATURAL RUBBER 


| 
| 


To learn more about using Sun Rubber Process Aids to get better physicals, 
lower costs, and easier processing, see your Sun representative. Or write 
for your copy of Sun’s latest Technical Bulletin describing any of the above 
products. Address SuN Om Company, Philadelphia 3, Pa., Dept. RC-4, 


INDUSTRIAL PRODUCTS DEPARTMENT 


SUN OIL COMPANY 


PHILADELPHIA 3, PA. 
IN CANADA: SUN OIL COMPANY, LTD., TORONTO AND MONTREAL 
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VOLUME XxXxi NUMBER THREE 


RUBBER CHEMISTRY 


TECHNOLOGY 


PUBLISHED IN FIVE ISSUES BY THE 
DIVISION OF RUBBER CHEMISTRY 
OF THE AMERICAN CHEMICAL SOCIETY 
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COLUMBIAN 
CARBON BLACKS 


for RUBBER COMPOUNDING 


STATEX®-160 SAF (super Abrasion Furnace) 


STATEX®-125 ISAF 
(Intermediate Super Abrasion Furnace) 


STATEX-R HAF (High Abrasion Furnace) 


STANDARD MICRONEX® MPC 
(Medium Processing Channel) 


MICRONEX W-6 EPC (Easy Processing Channel) 
STATEX-B FF Fine Furnace) 

STATEX-M FEF (fast Extruding Furnace) 
STATEX-93 HMF (High Modules Furnace) 
STATEX-G GPF (General Purpose Furnace) 
FURNEX® SRF (semi-Reintorcing Furnace) 


* COLUMBIAN COLLOIDS - 


COLUMBIAN CARBON COMPANY 


380 Madison Ave. | px. New York 17, N. Y. 
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RUBBER CHEMISTRY 
AND TECHNOLOGY 


Published in Five Issues (January-March, April-June, July-September, 
October-November & December) under the Auspices of the Division 
of Rubber Chemistry of the American Chemical Society, 

Prince and Lemon Streets, 

Lancaster, Pa. 


Davip CraiG 
Associate Editor B. L. JoHNSON 
Rubber Division Librarian 
Business Manager 
Advertising Manager 


Treasurer 


73rd M Meeting of the Division of Rubber per 
Future Meetings. . 
Sponsored Rub 


Papers 


Aeration of Natural Rubber Latex. I. Effect of Polyamines on the Hardness and 
Aging of Latex Rubber. B.C. SexHar 

Acetone of Natural Rubber Latex. II. Graft Polymerization of Vinyl Monomers 
with Aerated Latex Rubber. B.C. Sexnar 

The Nature of the Particle Surface in yet — and Pastes of Rubber Hydro- 
chloride and me poo Chloride. G. 

Monolayer Studies of Some Hydroxylated SSalvolefin Rubbers. W. R. Dean, V. 
PERERA, AND J. GLAZER 

Glass Transition Temperatures of Copol 45 

Some Properties of Polymer Networks ormed From Oriented Chaina of Natural 
Rubber. D. E. Roperts anp L. MANDELKERN 


Melting nit Glass Transitions in Polyisobutylene. 
AND P. B. Sricxney 499 
Carbon-Black Loaded gral Vulcanizates: Volume Changes in Stretching. L. 
Mutuins AnD R. T: 
in the Specific of Rubber A. B. Kusov, V. I. 
FIMOVA, AND Yv. I. 


GEN 
The Role of Metal Oxides as Activators of Vulcanization. M. Fr.psrein, 
Or.Lovsky, AND B. DoGADKIN 
Vulcanization of Elastomers. 14. Role of the Oxide in Vulcanization with Com- 
unds of the Thiuram Series. I. Watrer Scueers, Horst-Eckart 
‘OUSAINT, AND Peter STANGE 
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ton, Del. 


5. Polyurethane Foams: Stability, Collapse, and Shrinkage. H. K. Frens- 
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Firestone Tire and Rubber Co., Akron 17, Ohio. 


SYMPOSIUM ON HIGH TEMPERATURE RESISTANT 
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. Natural Rubber Compounds for High Temperature Service in Air. W. P. 
FLetcHer and §. G. Foae, British Rubber Producers’ Research Assoc, 
Herts, England. 


19. Inflatable Seals for High Temperature Service. M.A. Napier, D. ALkire, 
W. A. Carr, and F. J. Frencu, North American Aviation, Inc., Downey, 
Calif. 


. Melting and Glass Transitions in Polyisobutylene. R. M. Ket, B. 
Bennett, and P. B. Stickeny, Battelle Memorial Institute, Columbus, O. 


21. Behavior of Silicone Rubber in Sealed Systems at High Temperatures. 
W. J. Bopear, General Electric Co., Chemical and Metallurgical Div., 
Waterford, N. Y. 


General Papers 


22. Compression Set of Silicone Rubber. C. W. Rouscna and §. A. Bra.ey, 
Jr., Dow Corning Corp., Midland, Mich. 


23. Polymer Composition Versus Low Temperature Characteristics of Poly- 
siloxane Elastomers. K. E. PotmManreerR and M. J. Hunter, Dow 
Chemical Corp., Midland, Mich. 


VULCANIZAGION AND REINFORCEMENT 
8. C. Nicox, Presiding 


24. Pore Sizes and Pore Size Distribution in Reinforcement Pigment Particles. 
A. Vort, J. M. Huber Corp., Borger, Texas. 


25. Influence of Carbon Black and Loading on Temperature-Retraction 
Properties of Elastomeric Compounds. F. W. Bartow and R. W. Cret- 
nEY, Thermatomic Carbon Co., Sterlington, La. 


26. Odd Electrons in Rubber Reinforcing Carbon Blacks. G. Kraus and 
R. L. Cotuins, Phillips Petroleum Co., Bartlesville, Okla. 


27. A Theoretical Treatment of Elastomer Rupture. Laura E. Case and 
L. C. Casg, Purdue Univ., Lafayette, Ind. 


28. Direct Determination of Combined Sulfur in Rubber Vulcanizates. W. J. 
Dermopy, The Electric Storage Battery Co., Philadelphia, Penna. 


29. The Temperature Coefficient of Vulcanization of Butyl Rubber. J. G. 
Maartin, and R. F. Nev, Enjay Laboratories, Linden, N. J. 


a 30. Vuleanization of Elastomers by Electron Beam Irradiation. H. A. 
WINKELMANN, Dryden Rubber Div., Sheller Mfg. Corp., Chicago, II. 
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z 31. Chemical Loaded Molecular Sieves as Latent Curing Aids. I. Secondary 
7 Accelerators in Styrene-Butadiene Rubber. F. M. O’Connor, T. L. 


Tuomas, and M. L. Dunnam, Union Carbide Corp., Tonawanda Lab., 
Tonawanda, N. Y. 
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FUTURE MEETINGS 


Meeting City Hotel Date 


1958 Fall Chicago Sherman September 10-12 
1959 Spring Los Angeles Biltmore May 12-15 

1959 Fall Washington* Shoreham November 9-13 
1960 Spring Buffalo Statler May 24-27 

1960 Fall New York Commodore September 13-16 
1961 Spring Louisville Brown May 16-19 

1961 Fall Chicago Sherman September 5-8 
1962 Spring Boston Statler May 15-18 


An interna’ of Byles ACR, Committee 


SPONSORED RUBBER GROUPS 


OFFICERS AND MEETING DATES 
1958 


Axron RuBBER GROUP 


Chairman: Grorce Hacxim (General Tire & Rubber Co., Akron). Vice 
Chairman: Mitton Leonarp (Columbian Carbon Co., Akron). Secretary: 
Irvin J. SsorHuN (Firestone Tire & Rubber Co., Akron). Treasurer: Joun 
Girrorp (Witco Chemical Co., Akron). Meetings in 1958: January 24, April 
11, June 20, October 24. Meetings in 1959: January 23, April 3, June 19 and 
October 23. 


Boston Group 


Chairman: Roger L. Sre.titer (B. F. Goodrich Chemical Co., Boston). 
Vice-Chairman: Witu1aM H. Kine (Acushnet Process Co.). Secretary-Treas- 
urer: JAMES J. BreEN (Barrett & Breen Co.). Permanent Historian: Harry 
A. ArwaTer (Malrex Chemical Company). Ezecutive Committee: AntuuR I. 
Ross, THomas C. Epwarps, Georce E. Hersert, M. Hussey, CHARLES 
8. Frary. Meetings in 1958: March 21, June 20, October 17, December 12. 


BurraLo Ruspser Group 


Chairman: Joun Hetwic (Dunlop Tire & Rubber Co., Buffalo). Vice- 
Chairman: Ricoarp (Hewitt-Robins, Inc., Buffalo). Secretary- 
Treasurer: Lanny Haurin (Dunlop Tire & Rubber Co., Buffalo). Asst. Sec’y- 
Treasurer: Epwarp Haas (Dunlop Tire & Rubber Co., Buffalo). Ez-Officio 
Chairman: CHar.Ees MISERENTINO. Directors: Jack Witson (Dow Corning), 


Jack Hauer (Linde Air), Eugene Martin (Dunlop Tire & Rubber Co.), 
Ep Sverprup (U.S. Rubber Reclaiming), Ropert Donner (National Aniline), 
Rosert Pryor (Hewitt-Robins, Inc.). Meeting dates in 1958: May 9— 
International Rubber Group Meeting, General Brock Hotel, Niagara Falls 
Canada, June 10, October 14, December 2. 
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‘)HICAGO RuBBER GROUP 


President: V. LaBrecque (Victor Mfg. & Gasket Co., Chicago). Vice- 
President: M. J. O’Connor (O’Connor & Co., Inc., Chicago). Secretary: J. 
Groot (Dryden Rubber Div., Sheller Mfg., Chicago). Treasurer: 8. F. Cooate 
(Tumpeer Chemical Co., Chicago). Term ends July, 1958. Directors: James 
B. Moors, J. B. Porter, H. D. SHetier, E. F. Waener, R. R. Kann, R. A. 
Kurtz, J. F. Swarr. Legal Counsel & Executive Secretary: 
E. H. Leany, Room 1411, 111 W. Washington Street, Chicago. Meetings in 
1958: January 31, March 14, April 25, July 25, October 3, November 14, 
December 19. 


THe Connecticut RuspBer Group 


Chairman: R. T. ZimmerMAN (R. T. Vanderbilt Co., Inc., East Norwalk, 
Connecticut). Vice-Chairman: W. H. Coucn (Whitney Blake Co., Hamden, 
Conn.). Secretary: V. P. Cuapwick (Armstrong Rubber Co., West Haven, 
Conn.). Treasurer: J. W. Perxins (Armstrong Rubber Co., West Haven, 
Conn.). Terms to end December 31, 1958. Directors: One-Year term ending 
December 31, 1958: H. Gorpon (Ideal Rubber Co., Brooklyn, New York), 
G. R. Spracue (B. F. Goodrich Sponge Products, Shelton, Conn.), D. F. 
CumminGs (General Electric Co., Bridgeport, Conn.). Two-Year terms ending 
December 31, 1958: R. W. Warp (E. I. du Pont de Nemours & Co., Boston, 
Mass.), F. W. Burcer (Phillips Chemical Co., Providence, R. I.). Director 
to National Division—W. C. Carter (Pequanoc Rubber Co., Butler, New 
Jersey). Meetings in 1958: February 21, May 23, September 6, November 14. 


Detroit Group 


Chairman: E. J. Kvet, Jn. (Detroit Arsenal, Detroit). Vice-Chairman: 
W. F. Mitier (Yale Rubber & Mfg. Co., Sandusky, Michigan). Secretary: 
W. D Wuson (R T. Vanderbilt Co., Detroit). Treasurer: W. A. W1arp 
(Dow Corning, Midland). Directors: J. F. Stirr, J. M. Cuarx, Jack MaspEn, 
A. F. Toompson, Frank G. Fatvey, R. W. Matcoutmson, C. H. R. 
Huizinga, E. P. Francis, P. V. J. J. Fuemine, R. C. 
S. M. Sipwe tt, R. H. Snyper, R. C. Waters, E. W. Triurtson, T. W. 
RAN. Councilors: H. F. Jacoper, H. W. Horeravr, J.T.O’Remzy. Meetings 
in 1958: February 7, April 18, June 27, October 3, December 5. 


Fort Wayne Russer Group 


Chairman: Greorce E. Ketsnemmer (U. 8. Rubber Co., Ft. Wayne, Ind.). 
Vice-Chairman: Puitrp Maaner, Jr. (General Tire & Rubber Co., Wabash, 
Ind.). Secretary-Treasurer: Watton D. Wiuson (R. T. Vanderbilt Co., 5272 
Doherty Dr., Orchard Lake, Michigan). Directors: M. J. O’Connor, NorMAN 
Kemp, E. H. H. Guassrorp, J. Lawuess, R. HartMan, 
8S. Cuoats, E. BoswortH. Meetings in 1958: February 13, April 10, June 6 
(outing), September 25, December 4. 


Los ANGELES RuBBER GROUP 


Chairman: ALsert H. Feperico (C. P. Hall Co. of Calif.). Assoc. Chair- 
man: CuarLes H. Kuun (Master Processing Corp., Lynwood). Vice-Chair- 
man: B. R. Snyper (R. T. Vanderbilt Co., Los Angeles). Secretary: L. W. 
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CuaFFeE (Ohio Rubber Co., Long Beach, Calif.). Asst. Secretary: EpmunpD 
J. Lyncn (H. M. Royal, Inc. Downey, Calif.). Treasurer: W. M. ANDERSON 
(Gross Mfg. Co., Monrovia, Calif.). Asst. Treasurer: R. O. Waite (Caram 
Mfg. Co., Monrovia, Calif.). Directors: Roy N. PHeian (Atlas Sponge Rubber 
Co., Monrovia), Witu1amM J. Haney (Kirkhill Rubber Co., Brea), Coartes M. 
CuurcHILL (Naugatuck Chemical, East Los Angeles), Howarp R. FisHer 
(W. J. Voit Rubber Co., Los Angeles), Joun L. Ryan, (Shell Chemical Corp, 
Torrance), Cart E. Huxiey (Enjay Co., Los Angeles), Water E. 
(Thiokol Chemical Corp.). Meetings in 1958: February 4, March 4, April 1, 
May 5, October 7, November 4. 


New York Russer Group 


Chairman: C. V. Lunppere (Bell Telephone Laboratories, Murray Hill, 
N. J.). Vice-Chairman: R. B. Carrouu (R. E. Carroll, Inc., Trenton, N. J.). 
Secretary-Treasurer: M. E. Lerner (Rubber Age, New York). Terms end 
December 31, 1958. Meetings in 1958: March 28, June 5, August 5, October 
17, December 12. 


NORTHERN CALIFORNIA RUBBER GROUP 


President: Witu1aM “Bitu” Deis (Merck & Co., Inc. South San Francisco). 
Vice-President: Drace “Kut”? Kutnewsky (Burke Rubber Co., San Jose). 
Treasurer: D. A. “Dewi” DriespouGcH (Plastic & Rubber Products Co., 
Oakland). Secretary: C. P. Encetsman (E. 8. Browning Co., San 
Francisco). Directors: Cuaupe ‘Corky’? CorKADEL, LarGe, Roy 
Woopuinc. Meetings in 1958: February 13, March 13, April 10, September 
11, October 9, November 13. 


PHILADELPHIA RUBBER GROUP 


Chairman: R. A. Garrett (Armstrong Cork Research Center, Lancaster, 
Pa.). Vice-Chairman: R. 8. Grarr (E. I. du Pont de Nemours & Co., Wil- 
mington). Secretary-Treasur: H. C. Remsberg (Carlisle Tire & Rubber, 
Carlisle, Pa.). Executive Committee: T. E. Farretit, R. N. HenprikseEn, 
James Jones, Georce N. McNamara, J. R. Miuus, H. M. Setters, MERRILL 
Smita. National Dir.: Dr. M. A. Youxer (E. I. du Pont de Nemours & Co., 
Wilmington). Meetings in 1958: April 25, August 22, 1958, October 24, 
November 14, 1958 and January 23, 1959. 


Istanp RusBER GROUP 


Chairman: W. K. Priestity (Kaiser Aluminum & Chemical Co., Bristol, 
R.1.). Vice-Chairman: H. W. Day (E. I. du Pont de Nemours & Co., Boston). 
Secretary-Treasurer: Harry L. Expert (Firestone, Fall River, Mass.). His- 
torian: R.G. Boukman (U.S. Rubber Co., Providence). Ezecutive Committee: 
W. J. Buecwarczyk, E. 8. Unsuie, R. B. J. M. Viraue, C. A. 
Damicong, G. E. ENser. Meetings in 1958: April 10, June 5, November 6. 


SouTHERN On10 RusBBER GROUP 


Chairman: Eart R. BartHoLtomew (Wright-Patterson A. F. Base, Ohio). 
Chairman Elect: Russevi J. Hoskin (Inland Mfg. Division, G. M. C., Dayton). 
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Secretary: Raymon We.ts (Precision Rubber Products Corp., Dayton). 
Treasurer: DayLe R. BucHanan (Inland Mfg. Division, G. M. C., Dayton). 
Directors: Three-Year Term: Franx E. Bett, Jr., L. Notan, REUBEN 
Two-Year Term: James L. FitzGeraup, Freperick W. Gaae, 
Maurice LowMan. Meetings in 1958: October 9 and December 13. Outing 
in Dayton, June 7. 


SouTHERN RusBeR GRouP 


Chairman: THomas R. Brown (The B. F. Goodrich Co., Tuscaloosa). 
Vice-Chairman: WarrEN 8. Hatt (Phillips Chemical Co., Memphis 17, Tenn.). 
Treasurer: Monroe Mirsky (Guiberson Corporation, Dallas). Secretary: 
Roger B. Pravu (The C. P. Hall Co., Memphis). Directors: One-Year Term: 
Joun R. Gattoway, Ropert W. Rice, M. Bott. Two-Year Term: 
Rosert D. Baker, AtperT Koper. Meetings in 1958: February 21, June 13, 
October 17 and (January 30, 1959). 


WASHINGTON RusBER GROUP 


President: Dovuaetas K. Bonn (U. 8. Rubber Co., Washington, D. C.). 
Vice-President: Ropert D. St1eHLeR (National Bureau of Standards, Wash- 
ington, D. C.). Secretary: Anraur W. Sioan (812 N. Fairfax Street, Alex- 
andria, Va.). Treasurer: George W. FuanaGan (B. F. Goodrich Chemical 
Co., Washington, D. C.). Term ends June 30, 1958. Meetings in 1958: 
January 15, February 18, April 16, May 21. 
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AERATION OF NATURAL RUBBER LATEX. I. EFFECT 
OF POLYAMINES ON THE HARDNESS AND AGING 
CHARACTERISTICS OF AERATED 
LATEX RUBBER * 


B. C. SEKHAR 


Tue Rosser Researcu Instirvure or Matara, Kuata Lumpur, MaALaya 


INTRODUCTION 


It is generally accepted that many of the changes in the physical properties 
of natural rubber when exposed to air or oxygen are due to changes in the molec- 
ular weight of the rubber, i.e., to chain scission or to crosslinking reactions, the 
mechanisms of which are still not fully understood. At elevated temperatures 
and in the presence of not too small a partial pressure of oxygen, oxidative 
scission of the rubber normally predominates over crosslinking, while the reverse 
is often true at ambient temperatures. Thus, crosslinking reactions normally 
occur in sheet rubber on storage'*, as shown by an increase in the gel content 
and hardness of the rubber. Messenger’ and Wood‘ both found that moisture 
tended to inhibit the hardening effect; Gale’ confirmed their results and also 
reported that rubber dried under humid conditions was more susceptible to 
subsequent breakdown at elevated temperatures. In latex systems, Bevi- 
lacqua® showed that harder rubbers were obtained from ammoniated latexes, 
after storage, than from latexes preserved with aliphatic amines or formalde- 
hyde. Philpott’? found that the hardening of rubber could be accelerated by 
the addition of benzidine hydrochloride to latex prior to coagulation, and 
similar results were obtained by Bloomfield* even when oxygen was rigorously 
excluded from the system. The latter author also showed that acetone extrac- 
tion of rubber resulted in considerable hardening without any apparent struc- 
tural changes since the original plasticity of the rubber could be restored by 
re-incorporating the acetone extract. Recently Wren’, who developed tech- 
niques of aerating latex under controlled conditions in these laboratories, found 
that latexes on prolonged aeration gave rubbers which were soft and degraded. 
In the present work an investigation has been made of the influence of various 
polyfunctional amines on the hardness and aging characteristics of ordinary 
and aerated latex rubber. 


RESULTS 


Table I shows the effect of adding tetraethylenepentamine (TEP) to am- 
moniated latex 30 minutes prior to coagulation and creping. The crepes were 
dried at room temperature (30° C) and Mooney viscosity and Williams plastic- 
ity figures determined. Plasticity measurements were made before and after 
air oven aging the samples at 100° C. The increase in viscosity and in the re- 
covery figures in the unaged plasticity measurements indicate increased cross- 


* An original publication. 
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linking of the rubber in the presence of TEP; the improved aging behavior of 
the samples containing TEP is also apparent. 

Similar results have been obtained with other polyfunctional amines, in- 
cluding benzidine. In Table II Williams plasticity values are shown for dried 
films of a latex to which 0.5% (on the weight of rubber) of different amines had 
been added. 

Effect of aeration —To determine the effect of aeration of the latex on the 
hardness and aging behavior of the rubber, samples of an ammoniated latex in 


TABLE I 

Errect or TEP on THE Viscosiry AND P.asticiry oF CREPE RUBBER 
Williams plasticity (M.MS) 

After 24 


Additive, Mooney Rec. 

% by wt. viscosity in in in 

on rubber Dio mm Dio mm Di mm 
— (control) 75 4.4 5.7 2.5 3.1 1.3 1.4 
0.5 87 4.6 5.8 4.0 7.4 2.8 4.2 
1.0 TEP 90 5.1 7.0 4.9 9.8 4.5 9.8 


half-filled containers were slowly rotated on a roller mill for periods up to 172 
hours. The oxygen absorbed was replenished by opening the containers once 
every 24 hours. Dried films of the latexes were then tested for Mooney viscos- 
ity, intrinsic viscosity, gel content and plasticity before and after heating at 
100°C. Similar measurements were carried out on films of the aerated latexes 
to which 0.5% of TEP was added 30 minutes before preparation of the films. 
Results are given in Table III. In the absence of TEP, the changes in intrinsic 
viscosity and plasticity point to increasing breakdown of the rubber with in- 
crease in the time of aeration but some crosslinking also occurs, as shown by the 
changes in gel content. Subsequent oxidative degradation at 100° C is ac- 


TABLE II 

Errect oF AMINES ON THE Piasticiry OF A LaTex 
Williams plasticity (M.MS8) 

48 hrs at 100° C 


Normal 


Additive (0.5%) 


4 , None 4.4 7.9 2.9 5.2 
f TEP 4.3 6.9 4.2 9.3 
z Triethylenetetramine 4.3 7.0 4.0 8.7 
m-phenylenediamine 7.0 12.5 5.2 12.0 
Hydrazine 4.3 8.3 3.4 6.7 
Benzidine 5.9 2.2 4.8 9.9 


celerated by the aeration treatment. The most obvious consequence of adding 
TEP to the aerated latexes is to increase the percentage of gel rubber and de- 
crease oxidative breakdown at 100° C. 

Storage of aerated latexes.—In view of Bevilacqua’s findings® that hardening 
of the rubber oceurs during storage of ammonia-preserved latex, it was of 
interest to know whether a similar phenomenon took place on storing ammoni- 
ated latexes which had been deliberately exposed to oxygen by aeration. An 
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ammoniated latex was therefore aerated for 172 hours, as described above, after 
which portions were stored at room temperature in full containers for periods up 
to four weeks. Mooney viscosity and plasticity measurements on dried films 
of the samples are summarized in Table IV. The results of Table IV indicate 
clearly that not only does crosslinking of the rubber occur during storage of 


TABLE III 


Errect oF AERATION AND TEP on VIscosITy AND 
Puasticiry or Latex 


Williams plasticity (M.MS8) 


24 hrs at 48 hrs at 

Mooney of sol Normal 100° C 100° C 
viseos- frac- l, 

Latex sample ity i 


. Control, no aeration 

. As (1) followed by 
0.5% TEP 

. 14 hrs aeration 

. As (3) followed by 
0.5% TEP 

. 48 hrs aeration 

. As (5) followed by 
0.5% TEP 

. 172 hrs aeration 

. As (7) followed by 
0.5% TEP 


Dio 
3.6 


3.7 
1.8 


2.0 
Liquid 


3.9 
Liquid 
3.9 
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aerated latex, but that the aging characteristics of the rubber show a consider- 
able improvement as a result of storage. 

Effect of aeration and of amines on storage hardening of rubber—Table V 
shows that in an accelerated storage test of dried rubber films at a temperature 
below that at which degradative reactions predominate, exposure of latex to air 
prior to coagulation and conversion into sheet markedly increases the tendency 
of the rubber to harden. The addition of TEP to such an aerated latex effec- 
tively prevents such hardening, although its effect in more prolonged storage 
tests at room temperature has yet to be determined. Benzidine has already 


TABLE IV 


Errect oF Time or StoraGeE oF AERATED LATEX ON 
Viscosity AND Puasticiry or Dry 


Williams plasticity 
Unaged 48 hours at 100° Cc 
Dio Dio Rec. 
Oxidized (Liquid) 
2.7 4.2 


4, 

4. 

4. 2.6 6.3 
4. . 3.9 8.2 
4. 4.1 8.2 


been proved effective in this role in storage tests extending up to 12 months at 
Malayan and European temperatures”. 


DISCUSSION 


Explanations previously advanced for the hardening of rubber during storage 
fall into three groups. The first attributes changes in hardness to variations 
in the nonrubber constituents, and was first proposed by de Vries'. Under 
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certain conditions, the slow decomposition of some of the nonrubber constitu- 
ents may well influence to some extent the hardness of the rubber, as might be 
expected from Bloomfield’s experiments on acetone-extracted rubber. The 
second view, proposed by Wood‘, is that storage hardening is due to a crosslink- 
ing of the rubber which may be initiated and maintained by the presence of 
peroxide or similar free-radical forming groups in the rubber. Thirdly it has 
been suggested" that abnormally weak links may be present in the natural 
polyisoprene chain which, by rupture, give rise to free radicals which may then 
react further to produce crosslinking and gelation of the rubber. It is, however, 
difficult to reconcile the last two proposals with the known ineffectiveness of 
additives such as hydroquinone, phenyl-2-naphthylamine, 2,2’-dithiobisbenz- 
amidodipheny] disulfide, xylyl mercaptan and 2,4-dinitropheny] benzothiazolyl 
sulfide in preventing storage hardening’. Moreover, dry storage can cause gel 
formation not only in natural rubber but in some synthetic rubbers, particularly 
when the polymer is derived fully or partly from diene type monomers, indicat- 
ing that gelation in these cases, at least, must be accounted for in terms of the 
normal reactivity of unsaturated carbon compounds. 

The results described in this paper are consistent with Wood’s hypothesis 
that storage hardening is initiated by free-radical forming groups in the rubber. 


TABLE V 


Mooney 
viscosity 
Treatment of latex of rubber 


None 65 
Aerated for 170 hrs 48 
Aerated for 170 hrs 

then 2% TEP 

added 64 


The assumption that these groups are peroxidic in nature is difficult to confirm 
unequivocally. Latex contains reducing agents which invalidate determina- 
tions of peroxidic oxygen by conventional methods. Freshly prepared smoked 
sheet, however, is known to contain peroxidic oxygen—usually 10-30 ppm, 
though values as high as 100-150 ppm have been found in samples from packing 
houses and smallholdings. The fact that polyamines such as TEP promote the 
gelation of natural rubber (Table I) is further evidence for the peroxidic func- 
tion of the groups responsible for gelation, since polyamines are well known 
activators for the hydroperoxide initiation of vinyl polymerizations. Such 
crosslinking by polyamines can in fact be greatly enhanced if both hydro- 
peroxide and polyamine are added to latex". It is well established that the 
autoxidation of rubber involves the formation of rubber hydroperoxides, and 
the results of Table III, in which aeration of the latex causes not only break down 
of the rubber but a significant increase in the gel content, are difficult to explain 
except by the thesis that peroxidic groups in the rubber are the centers at which 
crosslinking occurs. Significantly, a very marked tendency to spontaneous 
crosslinking has been observed in hydroperoxy-terminated polybutadiene”. 
Finally, in part II of this paper it will be shown that graft polymerization be- 
tween methyl methacrylate and natural rubber, which is normally initiated in 
our laboratories by TEP and cumene hydroperoxide, can be initiated effectively 
by TEP alone provided the rubber (latex) has first been aerated. In such sys- 
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tems it is concluded that rubber hydroperoxides are formed which take the 
place of cumene hydroperoxide in the initiation of polymerization. 

It is clear from the present and earlier work that oxidative scission and cross- 
linking of the rubber, on storage, are competitive reactions whose relative im- 
portance is determined by temperature, humidity, availability of oxygen and 
probably several other factors. Among these is the presence of reducing agents 
in natural latex which resemble TEP in their ability to promote crosslinking of 
the rubber and enhance its aging behavior at elevated temperatures. Patent 
applications concerning certain aspects of this work have been filed and are 


pending. 
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SUMMARY 


Evidence has been presented to support the hypothesis that the absorption 
of oxygen by ammoniated latex at room temperatures creates reactive groups 
on the rubber hydrocarbon. These reactive groups impart to the rubber per- 


oxidic properties. Such peroxidic group formation is responsible for the break- 
down and build up of rubber under different conditions of storage. Suitable 
reducing systems, particularly the alkylene polyamines crosslink rubber in 
latex and enhance the aging properties of rubber. 
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AERATION OF NATURAL RUBBER LATEX. II. GRAFT 
POLYMERIZATION OF VINYL MONOMERS WITH 
AERATED LATEX RUBBER * 


B. C. SEKHAR 


Tue Researcu Instirute oF Maraya, Kvata Lumpur, MALAYA 


INTRODUCTION 


In the preceding paper, the effect of aeration of ammoniated latex on the 
viscosity, plasticity and gel content of the rubber were described. It was con- 
cluded that peroxidic groups were introduced into the rubber, thereby increas- 
ing its susceptibility to molecular scission and crosslinking reactions. Addition 
of polyamines such as tetraethylenepentamine (TEP) was shown to promote 
crosslinking and gelation of the rubber, and to reduce oxidative degradation. 
Reference was also made to experiments, carried out in these laboratories, 
showing that aerated natural latex reacted readily with methyl methacrylate, 
in the presence of TEP, to form graft polymers. The object of the present work 
was to investigate the nature and locus of this graft polymerization reaction 
and the properties of the graft polymers so produced. 


EXPERIMENTAL METHODS 


Aeration of latex was carried out by half filling porcelain jars with latex and 
rotating them on rollers for different periods of time. The oxygen absorbed 
was replenished daily by opening the jars for 5 minutes. All natural latexes 
used were preserved with 0.7% ammonia. 

The efficiency of the aerated latexes in promoting the polymerization of 
methyl methacrylate was assessed as follows: 

To aerated latex containing 20 g of rubber 20 g of methyl methacrylate were 
added, followed by 0.2 ml of 1% ferrous sulfate solution and 2 ml of 10% tetra- 
ethylenepentamine solution (aqueous). Reaction was then allowed to proceed 
for (usually) 18 hours, after which the total solids content was determined. In 
most experiments, the maximum temperature attained during the reaction was 
also noted. 

The percentages of free rubber and free polymethyl methacrylate in the re- 
action product were determined by extraction with petroleum ether (b.p. 50- 
60° C) and acetone, respectively, allowing static diffusion of the solvents. The 
graft polymer content was then determined by difference. The molecular 
weight of the grafted polymethyl methacrylate was determined by the tert- 
butyl hydroperoxide degradation method as modified by McSweeney’. 


RESULTS 


Table I shows the efficiency of different latex samples in promoting poly- 
merization of methyl methacrylate. Samples 1, 2 and 3 were obtained from 


* An original publication. 
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the same (freshly prepared) field latex; sample 4 was an older, once-centrifuged 
latex concentrate. The first three samples were stored in half-filled containers 
for periods up to 30 days prior to reaction with the methacrylate. 

Although the most reactive systems are produced by aeration of the latex, 
Table I shows that storage in the presence of air also tends to increase polymer- 
ization efficiency. We shall therefore use the general term “hydroperoxidized 


TABLE I 


EFFECT OF STORAGE AND AERATION ON THE POLYMERIZATION 
EFFICIENCY OF DIFFERENT LATEXES 


No storage 8 10 days storage 
% % 


mon- 
omer 


poly- 
Temp. mer- Temp. 
Sample rise ized i i rise 


Field latex Nil 0 > 2°C 
Latex concentrate 2°C 15 2°C 
Recentrifuged 

latex concen- 

trate 6° C 40 8°C 
Centrifuged con- 

centrate aera 

for 172 hours 41°C 84 


latexes” to describe systems which have been activated by contact with air 
either by storage, aeration or similar methods. The increase in reactivity ob- 
tained by recentrifuging the latex (sample 3) suggests that some of the non- 
rubber constituents act as polymerization inhibitors. 

Location of reactivity in hydroperoxidized lateres—The polymerization re- 
activity of the above latexes could be associated either with the polyisoprene 
or with some nonrubber substance in the latex. Although the results presented 
in Part I of this paper indicate clearly that the reactivity is associated with the 
rubber hydrocarbon, an examination of the two main fractions of latex (i.e., 
rubber and serum) individually was considered desirable. This was carried 
out either by ultracentrifugation’, or by creaming latex which had been aerated 
for 172 hours. Creaming was effected with ammonium alginate after addition 


TABLE II 
POLYMERIZATION ErricreNcy oF AERATED LaTex FRACTIONS 


Temperature % monomer 
rise polymerized 


Sample 


172 hours aerated latex 
Ultracentrifuged cream 
Ultracentrifuged serum 
Creamed—cream 
Creamed—serum 


to the latex of 1% of ammonium oleate, on the weight of rubber. The ultra- 
centrifugation was carried out at a speed of 20,000 rpm. In both cases only the 
rubber fraction was capable of initiating polymerization of methyl methacrylate 
(Table II). 

Influence of time of aeration.—Three samples of the same ammonia-preserved 
latex concentrate were aerated for 14, 48 and 172 hours, respectively. The 
samples were then reacted with methyl methacrylate as described in the experi- 
mental section, except that 2.0 ml instead of 0.2 ml of a 1% aqueous solution of 


% 
mon- mon- 
omer! omer omer 
poly- poly- 
mer- Temp. mer- = 
ized rise ized 4 
20 2°Cc 30 
24 4°C 40 Bi 

44 10°C 62 a 

4 

34°C 86 
13°C 80 
0 
22° C 84 
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ferrous sulfate were used per 100 g of methyl methacrylate. The reaction prod- 
uct was then creped, dried and analyzed (Table ITI). 

With all three samples in Table III, it will be noted that the molecular 
weight of the grafted polymethyl methacrylate side chains is large and the per- 
centage of polymerized methy! methacrylate present as free polymer is small. 
By contrast, if polymerization is initiated by salts of peracids or by activated 


TABLE III 


Errect or Time oF AERATION ON REACTION BETWEEN 
RvuBBER AND METHACRYLATE 


Approximate 
% graft mol. wt. of 
Latex sample '. material side chains 


Aerated for 14 hours R 
Aerated for 48 hours 44.2 
Aerated for 172 hours 49.0 


hydroperoxides as described in previous publications*", a much larger percent- 
age of the polymerized methyl methacrylate is present as free polymer. This 
difference is not influenced appreciably by the particular reducing agents (fer- 
rous ion and tetraethylenepentamine) employed in the above experiments’, 
Similar results to those in Table III have been obtained using as the reducing 
system ferrous ion, glucose and sodium pyrophosphate or ferrous ion, hydrazine 
sulfate and ethylenediamine tetra-acetic acid. 

The contrast between graft polymers prepared by the procedure described 
above and the products obtained by using peracid salts or activated hydroper- 
oxides as catalysts extends to many of the physical properties of the polymers. 
These properties will be described in more detail in subsequent publications, but 
it should be mentioned that the wet gel strength of rubber-methy! methacrylate 
graft polymer latex coagulum is much higher when polymerization is promoted 


TABLE IV 
POLYMERIZATION OF Monomers Usinc Hyproperoxipizep LaTex 
rease in % monomer 
Monomer polymerized 


Styrene 

Methacrylic acid 
Isobutyl methacrylate 
Acrylonitrile 

Ethy] acrylate 
Methy] methacrylate 


by aeration than when hydroperoxide catalysts are used as described by previ- 
ous workers. The increased wet gel strength is accompanied by a greatly re- 
duced tendency of the latex to form discontinuous, cracked films on drying. 
These properties of high wet gel strength and good film-forming characteristics 
are of prime importance in many latex applications. 

Polymerization of other vinyl monomers.—Vinyl| monomers other than methyl 
methacrylate which we have succeeded in graft polymerizing with natural rub- 
ber, using hydroperoxidized latex prepared by aeration, include methacrylic 


Total 
po - 
meth- 
acrylate 
Si 22.6 3.3 74.1 725,000 
a 16.5 4.3 79.2 685,000 
a 13.8 6.8 80 585,000 
4 7 84 
12 89 
15 89 
5 55 
7 6 83 
ad 47 94 
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acid, styrene, ethyl acrylate, isobutyl methacrylate and acrylonitrile. With 
acrylonitrile, methacrylic acid and styrene the concentration of TEP and fer- 
rous sulfate necessary to obtain a substantial conversion of monomer after 18 
hours reaction was twice that employed above. The percentage polymerization 
of different monomers, when reacted with an equal weight of rubber in the 
form of ammoniated latex concentrate which had been aerated for 172 hours, is 
shown in Table IV. 

Polymerization of mixed monomers in rubber latexr.—Suitable mixed mono- 
mers, e.g., methyl methacrylate and styrene, can be graft polymerized in na- 
tural rubber latex using cumene hydroperoxide, TEP and ferrous ion as the 
polymerization initiator. In the resulting product however, a considerable 
proportion (ca. 50%) of the polymerized monomers are present as free polymer. 
Furthermore, experience in this laboratory is that the over-all yield of product 
is liable to vary appreciably as the proportion of styrene to methy! methacrylate 
is varied. Table V shows the results obtained by the interaction of an am- 
moniated latex concentrate, aerated for 72 hours, with mixtures of styrene and 
methyl methacrylate in different proportions. In every case, a total of 50 g of 
monomer were reacted with 50 g of rubber, using TEP and ferrous ion as cata- 
lyst as described previously in this paper. The figures in Table V to be noted 


TABLE V 
ANALYSIS OF CoPOLYMER GRAFTS 


15 
20 


30 
40 
50 


particularly are the low contents of free rubber and free polymer in the reaction 
product and the fairly small differences only in the over-all yield of product. 

Hydroperoxidation of synthetic lateres.—As might be expected from the above 
work with natural latex, some synthetic rubbers produced wholly or in part 
from diene type monomers can be hydroperoxidized by a similar aeration pro- 
cedure to that described above, although the time of aeration required to 
achieve reactivities comparable to those obtained with natural latex is usually 
considerably longer. A study of such systems and further work on the hydro- 
peroxidation of natural latex is in progress. 


DISCUSSION 


The mechanism of the polymerization of methyl methacrylate, initiated by 
benzoyl peroxide or azoisobutyronitrile in the presence of natural rubber, has 
been studied in some detail. Using benzoyl peroxide as initiator, approxi- 
mately one-half of the polymerized methacrylate is bound to the rubber as a 
graft polymer while the other half is present as free polymer, whereas with 
azoisobutyronitrile as initiator nearly all the polymerized methacrylate is in 
the form of free polymer. It has been established by Allen, Ayrey and Moore! 
that the formation of graft polymer is due to interaction between rubber hydro- 


Methyl % free % free ie 
tha- i bbe 
50 0 91 11.4 8.9 a 
40 10 90 15.4 6.8 : 
35 a 93 12.8 4.1 a 
30 94 12.0 3.2 a 
20 92 14.0 2.4 | 
10 96 13.4 2.2 G 
0 92 13.4 2.0 ; 
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carbon and radicals derived from benzoyl peroxide, whereby free radical sites 
are produced in the rubber hydrocarbon, from which polymethyl methacrylate 
chains can grow. No such interaction occurs between rubber and radicals de- 
rived from azoisobutyronitrile. The very high ratios of grafted to free poly- 
methyl methacrylate obtained in the present work, using aerated natural latex, 
demonstrate that reactive sites are formed on the rubber hydrocarbon during 
aeration (or, much more slowly, on storage). It must be concluded also that 
these reactive sites are formed by the direct action of oxygen on the rubber 
hydrocarbon. The possibility that oxygen first reacts with some nonrubber 
constituents of latex forming peroxidic or other reactive intermediates which 
then attack the rubber (e.g., as benzoyl peroxide has been shown to do) is most 
unlikely in view of the results in Table II. The reactivity of the aerated latex 
is clearly associated with the disperse phase of the latex. The rubber particles 
in the ultracentrifuged cream will still be surrounded by a rather complex 
adsorbed film of nonrubber constituents which could conceivably react with 
oxygen, but some at least of these nonrubber constituents would be removed 
from the surface of the particles when the latex was creamed in the presence of 
soap. Table II shows that the concentrate obtained by creaming is at least as 
reactive as the ultracentrifuged concentrate. Furthermore, suitable synthetic 
latexes which have been aerated are capable of graft polymerization with methyl 
methacrylate by the same procedure as that described for natural latex. 
Support for the view that the reactive sites in the rubber hydrocarbon are 
hydroperoxide groups has been given in the preceding paper. The present 
results are fully in accord with this thesis. For example, the efficiency of tetra- 
ethylenepentamine and ferrous salts in promoting the graft polymerization 
of aerated latex with methyl methacrylate is not surprising, since these same 


reducing agents are well known as activators for organic hydroperoxides in 
many vinyl polymerizations. 
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SUMMARY 


The peroxidic groups produced on the rubber hydrocarbon when oxygen is 
absorbed by ammonia-preserved latex are capable of initiating the graft poly- 
merization of methyl methacrylate and other vinyl monomers, in the presence 
of suitable reducing agents. The products so formed contain only small pro- 
portions of unbound homopolymer. In the latex state, the products have a 
much higher wet gel strength and better film forming properties than materials 
of the same total vinyl polymer content prepared by other methods. 
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THE NATURE OF THE PARTICLE SURFACE IN HEVEA 
LATEX AND PASTES OF RUBBER HYDROCHLORIDE 
AND POLYVINYL CHLORIDE * 


G. Scuuvur 


Rusper-Sticutine, Deirr, HoLttanp 


INTRODUCTION 


The colloid-chemical properties of natural rubber latex are influenced by 
many factors, such as the pH, the concentration of surface-active agents and 
the presence of ions of different kinds. Many of these factors have been studied 
intensively. 

However, it has usually been assumed that the surface of the rubber par- 
ticles consists of plain hydrocarbon. Up to now it has been impossible to in- 
vestigate the properties of the surface free from adsorbed soaps and proteins, 
for the removal of these surface-active agents results in coagulation of the latex. 
But the latex particles can be obtained in a hard and nontacky form by hydro- 
chlorination and crystallization according to the methods of van Veersen' and 
the author’. The various surface-active agents can then be removed by filter- 
ing, washing, and extraction with organic solvents, without the loss of the sur- 
face by coagulation of the particles. 

The reactions of most organic chemical groups with hydrochloric acid are 
fairly well known and, though the original properties of the surface may be 
modified to some extent by the hydrochlorination, an investigation of the sur- 
face of rubber hydrochloride may give useful information regarding the proper- 
ties of the original surface of the rubber particles. 

A suitable method for studying the nature of the surfaces of various rub- 
ber hydrochlorides would be to investigate the rheological properties of con- 
centrated dispersions in organic media. Dispersions in plasticizers were 
selected, in the first place, because the experimental work is then not compli- 
cated by the volatility of the solvents, and secondly, because these dispersions 
in plasticizers are of some technical interest, since they can be used for the prep- 
aration of monofilaments from rubber hydrochloride’. 

The use of dispersions of polymers in organic media for investigating the 
colloid-chemical properties of dispersions in oils has the advantage that the 
surface of these particles can be modified by organic chemical methods. This 
was often done during the investigation, both with rubber hydrochloride and 
polyvinyl chloride. The surface was cleaned by washing and extraction with 
various solvents. It was modified by oxidation, methylation, and reactions 
with several amines, especially triethanol amine, as will be shown in the follow- 
ing sections. 

The investigation of the rheological properties of these resins dispersed in 
plasticizers has shown that the surface of latex particles is not plain hydrocar- 
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bon, but that its properties and chemical composition depend on the type of the 
latex and on the way in which the latex has been treated and stored prior to 
hydrochlorination. 


EXPERIMENTAL METHODS 


Preparation of rubber hydrochloride——Ammoniated latex with a dry rubber 
content of about 60% is stabilized with 1.05 g Emulphor 0 per 100 g latex. 
Emulphor 0 is a nonionic emulsifier, a condensation product of ethylene oxide 
and oleyl alcohol. The latex is mixed with half its volume of concentrated 
(36%) hydrochloric acid. Hydrogen chloride is then passed through for about 
40 hours until the maximum chlorine content is reached (approx. 32-33% Cl). 
The temperature is kept at or below 20° C during all these manipulations. 
All experiments described in this paper have been done with products having 
this maximum chlorine content. 

The hydrochlorination can be followed closely by means of a rapid deter- 
mination of the density of the particles‘. 

The rubber hydrochloride is then crystallized by heating the latex at 75° C 
for 30 minutes. The heating should be done gradually in order to avoid exces- 
sive foaming by escaping hydrogen chloride. The latex is then cooled to 60° C 
and precipitated by pouring it into water at 60° C. For 100 g ammoniated 
latex, 21 of water was used. The rubber hydrochloride is filtered, washed with 
distilled water until free from hydrochloric acid, and dried in air at 50° C. 

If all manipulations are carried out properly, the latex particles preserve 
their individuality and a white powder is obtained with a bulkiness of approxi- 
mately 2.3 ml/g. However, very bulky products may be obtained under cer- 
tain conditions. For example, if the crystallization prior to coagulation is 
omitted, the particles will agglomerate to irregular structures during precipita- 
tion and a bulkiness up to approximately 5 ml/g may be observed. These 
agglomerates cannot be redispersed afterwards and very stiff pastes are ob- 
tained which are unsuitable for our investigation (see section on Preparation 
of the Dispersions). 

Extraction of rubber hydrochloride—One hundred grams dry rubber hydro- 
chloride and 200 ml ethanol are milled for 24 hours in a laboratory ball mill. 
The rubber hydrochloride is filtered and extracted for 8 hours in a Soxhlet ap- 
paratus with ethanol. The ethanol is replaced by ether and the extraction is 
continued for 8 hours. The rubber hydrochloride is then dried at 50° C. 

Oxidation of rubber hydrochloride-—One hundred grams rubber hydrochloride 
are dispersed in a solution of 20 g potassium dichromate and 20 g concentrated 
sulfuric acid in 200 ml water in a laboratory ball mill for 8 hours at room tem- 
perature. Sometimes a shorter reaction time was used. The polymer is then 
filtered, washed with distilled water until free from acid, and dried at 50° C in 
air. 

Methylation of rubber hydrochloride and polyvinyl chloride ——Methylation of 
the carboxyl group (according to the formula: R COOH + CH:N:—R 
COOCH; + Nz) is done by adding a solution of 4 g diazomethane in 25 g ether 
to 100 g extracted rubber hydrochloride dispersed in 200 g ether. The mixture 
is kept at 10° C for 2 hours. The polymer is then filtered, washed with ether, 
and dried at 50° C in air. The methylation of polyvinyl chloride (P.V.C.) is 
done in the same manner. 

Additien of extracted impurities or fatty acids to methylated rubber hydro- 
chloride.—The extracts of 100 g rubber hydrochloride in alcohol and ether, ob- 
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tained as described above, are evaporated and the residue is dissolved in 200 g 
ether. This solution is added to 100 g extracted and methylated rubber hydro- 
chloride and mixed in a laboratory ball mill for 4 hours. 

The ether is then evaporated. The same experiment was done with a solu- 
tion of 1.25 g oleic acid and 1.25 g stearic acid in 200 g ether. The methylated 
rubber hydrochloride particles are thus coated with the extracted impurities or 
with fatty acids. 

Oxidation of polyvinyl chloride—A dispersion is made of 100 g polyvinyl 
chloride (Solvic 334, I.C.I.) in a solution of 0.5 g Emulphor 0 in 100 g water. 
A solution of 100 g KOH in 100 ml water is added. The mixture is kept at 
room temperature for 2 hours. The polyvinyl chloride becomes brown in color 
because series of conjugated double bonds are formed. The polymer is then 
filtered, washed, and oxidized in the same way as rubber hydrochloride, the 
brown color disappearing. The oxidized polyvinyl chloride is washed with 
ethanol and dried at 50° C. 

Preparation of cyclized rubber —One hundred grams latex with a dry rubber 
content of 60% is stabilized with 1.05 g Emulphor 0. One hundred fifty g 
gaseous hydrogen fluoride are added at 5° C. The mixture is kept in a 
polyethylene bottle for 1.5 hours. It is then poured into 1 | of water at room 
temperature. The hydrogen fluoride is neutralized with a solution of sodium 
hydroxide. The temperature is kept below 25° C in order to decrease the ten- 
dency of the particles to fuse into irregular agglomerates. The cyclized rubber 
is filtered, washed with distilled water, and washed with ethanol. It is dried at 
50° C in vacuo. 

The measurements of the rheological properties of pastes.—All measurements 
were carried out by means of a Couette-type viscometer, the ‘‘Drage Struktur 
Viskosimeter’’, manufactured by the “Chemisches Institut Dr. A. G. Ep- 
precht’’, Zurich. 

The apparatus allows the bobs to be rotated at three different speeds, and 
the apparent viscosities of the pastes were therefore usually measured at three 
different rates of shear. The measurements were done immediately after the 
preparation of the pastes because the apparent viscosities increase slightly with 
time. All measurements were done at 25° C + 0.2° C. 

The preparation of the dispersions of the resins in plasticizers.—The prepara- 
tion of the pastes is the most critical part of the experiments as far as repro- 
ducibility is concerned. The pastes were made by two different methods, 
which will be referred to as methods I and II. 

Method I consists of a premixing of the resin and the plasticizer by means of 
aspatula. The mixture is then passed through a small laboratory Pascal triple 
roll-mill. The rolls were fixed at a constant distance (0.185 mm). The ap- 
parent viscosities of the pastes depend on the number of passes through the mill. 
Three passes give the best reproducible results and minimum viscosities. 

Method II consists of a premixing of the resin with 60 per cent of the plas- 
ticizer with a spatula. The paste is then passed three times through the mill. 
The rest of the plasticizer is then added and the paste is given a single pass 
through the mill. The investigations were started with pastes made accord- 
ing to method I, but afterwards method II appeared to give more reproducible 
results and lower viscosities. The amines are mixed with the pastes by means 
of a spatula. The reaction is fast and no further changes are observed after 
about 1 minute. 

The reproducibility of the various products and the preparation of pastes —To 
investigate the reproducibility three batches of rubber hydrochloride were 
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made. Part of each of these batches was extracted. The pastes made from 
the batches of unextracted rubber hydrochloride showed a good reproducibility, 
but after extraction the differences between the rheological properties of the 
pastes were appreciably increased, presumably owing to the fact that a small 
proportion of the particles fused into irregular agglomerates during extraction 
and drying. Nevertheless, the reproducibility was sufficiently good for our 
purposes, as no conclusions were drawn from the absolute values of the apparent 
viscosities of the pastes, but only from the changes which occurred when the 
surface was modified, especially with triethanol amine (T.E.A.). 

The plasticizers and the other products used were of a good commercial 
grade, but no measures were taken to purify them further because the apparent 
viscosities of the pastes are not influenced appreciably by small quantities of 
soaps, fatty acids, water, or Emulphor 0, presumably because the surface of 
the particles has no tendency to adsorb these substances. The apparent vis- 
cosities depend strongly on the amount and type of plasticizer. Pastes of tri- 
cresyl phosphate (T.C.P.) and dibutyl phthalate (D.B.P.) have been investi- 
gated usually. However, other plasticizers, such as dibutyl sebacate (D.B.S.), 
Aroclor (chlorinated diphenyl), and paraffin oil behave in a similar manner, 
i.e., triethanol amine increases the apparent viscosities of all these pastes. 


RESULTS AND DISCUSSION 


Pastes of rubber hydrochloride-—The apparent viscosity of a paste of rubber 
hydrochloride can be influenced appreciably by the addition of small quantities 
of amines. Amines which contain aromatic groups or long aliphatic chains 
have little influence on the apparent viscosity of a paste prepared from T.C.P. 


Rote of sheor sec™! 


Shearing stress dyne cm~2 x 1073 


Fie, 1,—Influence of triethanol amine and benzoic acid on a paste of rubber hydrochloride. Curve !: 

g rubber hydrochloride in 100 g D.B.P. prepared according to method II, Curve 2: Same as Curve / 
0.8 g T.E.A. Curve 3: Same as Curve / + 1.2 ¢ T.E.A. Curve 4: Same as Curve / + 1.2 g T.E.A. 
2.56 g benzoic acid. 


or D.B.P., but these amines may decrease the apparent viscosity of pastes from 
paraffin oil. On the other hand, amines which contain hydroxy! groups, such as 
mono-, di-, or triethanol amine, greatly increase the apparent viscosity of the 
pastes. In particular the stiffening caused by triethanol amine has been used 
as a criterion in this investigation. It will be referred to as the “‘T.E.A.-effect”’ 
for the sake of brevity. 
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The stiffening of a paste of 100 g rubber hydrochloride in 100 g D.B.P., 
prepared according to method II, is shown in Figure 1. The stiffening in- 
creases with increasing amounts of T.E.A. until at 1.2 g per 100 g rubber hy- 
drochloride the maximum is reached. Further additions of T.E.A. decrease 
the apparent viscosity very gradually because the volume of the continuous 
phase is increased. The stiffening of T.E.A. can be counteracted by the addi- 
tion of acids. The decrease caused by 2.56 g benzoic acid in a paste, which con- 
tained 1.2 g T.E.A., is also shown in Figure 1. Larger amounts of benzoic acid 
decrease the apparent viscosity still further. 

The T.E.A. effect is not caused by impurities which can be removed from 
the rubber hydrochloride by extraction. A paste of 100 g extracted rubber 
hydrochloride and 140 g T.C.P., prepared according to method I, shows the 
maximum stiffening when only 0.2 g T.E.A. is added. Pastes of normal rub- 
ber hydrochloride show the maximum stiffening usually after addition of 1 to 
1.5 g T.E.A. per 100 g rubber hydrochloride. This difference is presumably 
due to the fact that fatty acids are always present in normal rubber hydro- 
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Fie. we = of T.E.A. on a paste of extracted and methylated rubber hydrochloride and on peetes 
of methylated, and oxidized rubber hydrochloride. Curve 100 and 
rubber hydrochloride i in 140 g by C.P. prepared acco to method I both without and with 0.5 g 
Curve 2: 100 g of extracted and — rubber hydrochloride, oxidized for 1 hour with potassium ‘ai 
chromate, in 140 g T.C.P. Curve 3: Same as Curve 2 + 0.2 ¢ T.E.A. Curve 4: 100 g of extracted and 
methylated rubber hydrochloride, oxidized for 8 hours with potassium dichromate, in 140g T.C.P. Curve 
&: Same as Curve 4 + 1 g T.E.A. 


chloride. These acids, which counteract the T.E.A., are removed by extrac- 
tion. It has usually been observed that the maximum stiffening is somewhat 
smaller for extracted rubber hydrochloride, presumably owing to the fact that 
some agglomeration occurs during extraction and drying. 

It is very remarkable that the T.E.A. effect, which is so clearly observed in 
pastes of normal and extracted rubber hydrochloride, has completely vanished 
when pastes of methylated rubber hydrochloride are investigated. This is 
shown in Figure 2, where Curve /, obtained from a paste of 100 g methylated 
rubber hydrochloride in 140 g T.C.P., prepared according to method I, remains 
unchanged when 0.5 g T.E.A. is added. Large amounts of T.E.A. decrease 
the apparent viscosity because the volume of the continuous phase is increased. 

The T.E.A. effect does not reappear when fatty acids or the extract of 
normal rubber hydrochloride are added to methylated rubber hydrochloride as 
described in the experimental section. This is additional evidence that the 
T.E.A. effect is not caused by extractable impurities. 
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However, the T.E.A. effect reappears when methylated rubber hydro- 
chloride is oxidized with a potassium dichromate. Curves 2 and 3 in Figure 2 
show the stiffening of a paste of methylated rubber hydrochloride, which has 
been oxidized for 1 hour with a potassium dichromate solution as described in 
the experimental section. Curves 4 and 5 show the even greater T.E.A. effect 
after an oxidation for 8 hours. The rubber hydrochloride, which has been 
oxidized for 1 hour, needed only 0.2 g T.E.A. for maximum stiffening; the rub- 
ber hydrochloride, which had been oxidized for 8 hours, needed 1 g T.E.A. 
Also the T.E.A. effect of normal rubber hydrochloride can be increased by 
oxidation with potassium dichromate, but, if the oxidized rubber hydrochlorides 
are methylated, the T.E.A. effect disappears again completely. 

Rubber hydrochloride is not oxidized by oxygen in the dark and at room 
temperature. A methylated rubber hydrochloride did not show a T.E.A. 
effect after storage for 7 months under these conditions. 

Tentative explanation of the experiments with rubber hydrochloride——The ex- 
periments carried out with pastes of rubber hydrochloride can be explained 
qualitatively on the basis of the following assumptions: 


a). Acidic groups, presumably carboxyl groups, are chemically bound to 
the surface polymer moleculés of the rubber hydrochloride particles. 

b). All other things being equal, the minimum apparent viscosity of a dis- 
persion will be observed when the surface of the dispersed phase and the con- 
tinuous phase are similar. 


For instance, a dispersed phase with a polar surface will show a maximum 
colloid chemical stability and a minimum apparent viscosity in polar liquids, 
whereas in nonpolar liquids, such as paraffin oil, a maximum apparent viscosity 
and minimum stability will be observed. (The apparent viscosity is here 
defined as the shearing stress divided by the rate of shear.) A dispersed phase 
with a nonpolar surface, on the other hand, will show maximum stability and 
minimum apparent viscosity in a nonpolar continuous phase, like paraffin oil. 

The influence which amines exert on the apparent viscosity of the pastes can 
readily be explained by the fact that they will react with the carboxyl groups 
of the surface. Amines with nonpolar aromatic or aliphatic groups (e.g., 
dibenzylamine) will decrease the polarity of the surface and decrease therefore 
the apparent viscosity of dispersions in paraffin oil. Triethanol amine will 
increase the polarity and increase the apparent viscosity of the dispersions in 
plasticizers. 

Methylation of the carboxyl groups makes it impossible for the amines to 
react with the surface under the prevailing circumstances, and consequently 
the amines do not change the apparent viscosity of pastes of methylated rubber 
hydrochloride to any extent. 

The T.E.A. effect does not reappear when fatty acids or the extract of rub- 
ber hydrochloride is added to methylated rubber hydrochloride, because these 
substances are not adsorbed by the particles dispersed in plasticizers. But 
oxidation generates new carboxyl groups on the surface of methylated rubber 
hydrochloride and the T.E.A. effect therefore reappears. 

Organic acids counteract the influence of amines because they compete with 
the carboxyl groups of the surface and strip the surface of its bound amines if 
these acids are present in sufficient amounts. 

Even rubber hydrochloride, prepared from fresh latex, tapped and stored 
in the absence of oxygen, shows the T.E.A. effect. On the other hand, the 
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T.E.A. effect may be increased by an oxidation of the latex by oxygen prior to 
hydrochlorination, as will be shown afterwards. The carboxy! groups of the 
surface of rubber hydrochloride may therefore originate from three sources: 


a). Part of the carboxyl groups may be the end groups of the natural rubber 
molecule. This would be in agreement with the formation of natural rubber by 
a polycondensation of B-methyl-crotonie acid®:*.’, 

b). Another part of the carboxyl groups may be formed by oxidation of the 
latex during storage. The carboxy] group will evidently be the last step of the 
oxidation, and other oxygen-containing groups will probably also be present. 
These groups will make the surface of the rubber particles more hydrophilic, 
and they will therefore contribute to the stability of the latex. 

c). The carboxyl groups of the surface may also at least partly be explained 
by the presence of an insoluble acidic compound in the rubber. However, the 
increase of the T.E.A. effect by oxidation cannot be explained on this basis. 


Another conclusion which can be drawn is that not only is the latex sta- 
bilized by adsorbed fatty acids and proteins, but chemically bound carboxyl 
groups may also exert some influence. Moreover, part of the proteins may be 
chemically bound to the surface by means of the carboxyl groups. This would 
explain why proteins cannot be completely removed from latex by repeated 
washing with soap solution. 

It is not possible at present to give an exact definition of the similarity which 
the surface of the dispersed phase and the continuous phase should possess for 
maximum stability. Nevertheless, the results of this investigation indicate 
that the properties of these dispersions are not governed only by double-layer 
repulsion and attraction by long-range London-van der Waals’ forces’. 

Though the particles of rubber hydrochloride are too small to be clearly 
observed in the electrophoresis apparatus of van der Minne and Hermanie’, 
some preliminary experiments indicated that the particles of oxidized rubber 
hydrochloride are negative, whereas the particles of methylated rubber hydro- 
chloride appeared to be completely neutral. The negative charge may be due 
to an ionization of the carboxyl groups. This result is in agreement with Figure 
2, the dispersions of oxidized rubber hydrochloride showing the smallest appar- 
ent viscosity. In the presence of T.E.A. the dispersions of oxidized rubber 
hydrochloride show higher apparent viscosities than a paste of methylated rub- 
ber hydrochloride. As the particles of methylated rubber hydrochloride are 
already neutral, this effect cannot be due to a decrease of the double-layer re- 
pulsion. It is also impossible to see how small amounts of triethanol amine 
would increase the long-range London-van der Waals’ forces considerably, and 
it is even more difficult to see how dibenzylamine could decrease these forces 
in dispersions of rubber hydrochloride in paraffin oil. But these effects can be 
understood on the assumption that an increase of the polarity of the surface of 
the particles will increase the colloid chemical stability in polar media and de- 
crease the stability in nonpolar media. 

Therefore a more specific attraction, originating from the surface of the 
particles, seems to be present in these systems, but it is admitted that the ex- 
perimental evidence is still slight. A systematic investigation of a range of 
amines and a range of plasticizers with increasing dielectric constant or in- 
creasing cohesive energy density could elucidate this point. 

Pastes of polyvinyl chloride—lIf the explanation of the experiments with 
pastes of rubber hydrochloride is correct, dispersions of other polymers must 
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show a similar behavior if carboxyl groups are present bound at the surface 
molecules of the particles. 

Therefore a paste-grade polyvinyl chloride (Solvic 334) has been oxidized. 
Direct oxidation of polyvinyl! chloride is very difficult, and much better results 
are obtained when some hydrogen chloride is removed by means of a concen- 
trated KOH solution prior to oxidation as described in the experimental part. 

A paste of normal polyvinyl chloride is not influenced by amines but after 
oxidation ; it behaves indeed in the same way as pastes of rubber hydrochloride. 
Pastes of oxidized P.V.C. in T.C.P. show no yield value and the increase of the 
apparent viscosity, when T.E.A. is added, is small. However, a dispersion of 
100 g oxidized P.V.C. in 100 g Aroclor 1221 has an initial yield value and a 
large increase of the apparent viscosity is observed when 0.6 g T.E.A. is added. 

Benzoic acid also counteracts the stiffening in pastes of P.V.C., and no 
T.E.A. effect has been observed in pastes of methylated, oxidized P.V.C. 
The behavior of oxidized P.V.C. and that of rubber hydrochloride are completely 
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Fie. 3.—The apparent viscosity of pastes of rubber hydrochloride and the mechanical stability of latex 
as a function of the time of oxidation. Curve /: Mechanical stability. Curve 2: Apparent viscosity of 
pastes without T.E.A. at a rate of shear of 7.9 sec™. Curve 3: Apparent viscosities after addition of the 
optimum amounts of T.E.A. at a rate of shear of 5.7 sec™. 


similar. To prove that this similarity is caused only by the presence of car- 
boxyl groups at the surface of the particles and is independent of the chemical 
composition of the interior, a paste of 100 g cyclized rubber in 120 g T.C.P. was 
investigated. The T.E.A. effect was also observed in this case. 

The oxidation of Hevea latexr.—The oxidation of latex with oxygen was in- 
vestigated by McGavack and Bevilacqua”. They found that the rate of 
oxidation depends on the pH of the latex. The maximum rate is observed at 
pH = 10.4. The oxidation is accompanied by a considerable increase of the 
mechanical stabilify of the latex. 

Though the factors which control the mechanical stability are not fully 
understood, it seemed quite possible that the bound carboxy! groups and other 
oxygen-containing groups of the surface of the particles might be important. 
Therefore an ammoniated latex (pH = 10.4) was oxidized for 16 weeks with 
air at room temperature. Each day the samples were shaken with air in half- 
filled bottles for 15 seconds. Care was taken to lose no ammonia. The 
mechanical stability of the latex after 0, 1, 2, 4, 8, and 16 weeks was determined 
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according to the A.8S.T.M. Designation: 1076-54 T. The samples were also 
hydrochlorinated and pastes were made of 100 g resin and 100 g D.B.P., ac- 
cording to method II. T.E.A. was added to the pastes until the maximum 
stiffening was obtained (1 to 2 g T.E.A. per 100 g rubber hydrochloride). The 
mechanical stability of the latex and the apparent viscosities of the pastes as a 
function of the time of oxidation of the latex are seen in Figure 3. The appar- 
ent viscosities are shown only at a rate of shear of 7.9 sec in the absence of 
T.E.A. and at 5.7 sec"! with T.E.A., but the viscosities at higher rates of shear 
showed a very similar trend. This experiment was repeated several times with 
different latexes. Though some quantitative differences were found, the me- 
chanical stabilities and the apparent viscosities always increased simultane- 
ously. This indicates that bound carboxyl groups and perhaps also other 
oxygen-containing groups of the surface increase the mechanical stability of the 
latex. 

The influence of the pH of the latex on the rate of oxidation was also investi- 
gated. The maximum increase of the stiffening of the pastes is observed when 
the oxidation is carried out at a pH of approximately 10, in agreement with the 
results of McGavack and Bevilacqua”. The increase is very small when the 
of pH of the latex is less than 7. 

An attempt was made to prevent the oxidation of the surface of the rubber 
particles with antioxidants. More than ten antioxidants were tested, but 
none of these had any significant influence on the increase of the T.E.A. effect. 

Titration curves were made of dispersions of 50 g of polymer in 225 ml of a 
0.01 N sodium hydroxide solution. The titration curves indicated that P.V.C. 
and methylated rubber hydrochloride contained no carboxy] groups whereas an 
extracted rubber hydrochloride contains 0.03 per cent carboxy] groups, which 
means that about one carboxyl group would be present per 200 A? of the surface 
of the original rubber particles. However, this preliminary result should be 
considered with reserve, as the determination of these very small amounts is 
liable to errors. 


SYNOPSIS 


The apparent viscosity of dispersions of rubber hydrochloride in plasti- 
cizers is considerably influenced by amines and by oxidation or methylation of 
the surface of the particles. Pastes of polyvinyl chloride behave similarly. 

The experimental results can be explained by assuming that carboxyl groups 
are bound to surface polymer molecules of the rubber hydrochloride particles. 
The number of these carboxy] groups is increased by an oxidation of the original 
latex with oxygen. The mechanical stability of the latex increases simultane- 
ously. 

Indications have been found that the attraction between the particles is at 
least partly of a more specific character than long-range London-van der Waals’ 
forces. 
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INTRODUCTION 


The study of high polymer monolayers by the Langmuir balance technique 
has been almost wholly restricted to those polymers which contain polar groups, 
e.g., cellulose, proteins, polyacrylates, ete. Nonpolar polymers do not spread 
and so little attention has been paid to the hydrocarbon rubbers. Wall and 
Zelikoff' have reported that natural rubber, gutta-percha, and butadiene- 
styrene copolymers do not form stable monolayers on water, but that when 
these materials are modified chemically by thiocyanogen they form relatively 
thin films of varying thickness. 

Sivaramakrishnan and Rao* have recently confirmed that natural rubber 
does not form a monolayer on water. However, they find that it spreads 
spontaneously on a subsolution of aqueous acidic potassium permanganate. 
We have investigated the surface reaction between certain polyolefins and 
aqueous permanganate; the kinetic features of these reactions, discussed else- 
where’, suggest that definite chemical end-products are formed on the surface. 
The purpose of this communication is to characterize the end-products ob- 
tained from natural rubber (cis-1,4-polyisoprene), gutta-percha (trans-1,4- 
polyisoprene), polybutadiene, and two butadiene-styrene copolymers of differ- 
ing*styrene content, when these react under controlled conditions at the surface 
of an acidic aqueous permanganate subsolution. 


EXPERIMENTAL 


The pressure-area (x-A) characteristics of the polymers were studied using a 
Langmuir-Adam surface balance, as modified by Alexander*. The balance was 
enclosed in an electrically screened, earthed, protective box fitted with external 
controls. Surface potentials were measured using a radioactive polonium 
ionizing electrode in conjunction with a balanced double beam tetrode elecirom- 
eter valve’. 

The purified polymers were spread from solution (ca. 0.4 mg/ml) in redis- 
tilled benzene, using an Agla micromever syringe. The KMn0, was of analyti- 
cal reagent grade and subsolution water was distilled and passed through char- 
coal and cationic-anionic exchange resin columns in series. In the kinetic 
experiments, observations were made at a constant pressure of 2.0 + 0.1 
dyne/em. Temperatue variations during any experiment were < + 0.2° C. 

Natural rubber (Hevea pale crepe) was purified by acetone extraction fol- 
lowed by fractional precipitation from chloroform solution with acetone. 
Infrared examination of the purified polymer showed no detectable oxygen or 
nitrogen. Purified gutta-percha was kindly supplied by Mr. P. W. Allen of 


* Reprinted from the Journal of Polymer Science, Vol. 27, Issue No. 115, pages 489-502, January 1958, 
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British Rubber Producers’ Research Association and contained < 0.2 per cent 
O and 0.02 per cent N. Polybutadiene and two butadiene-styrene copolymers, 
the latter containing 7.9 and 23.5 per cent (w/w) styrene, respectively, were 
acetone extracted (dispersed in chloroform and filtered through glass wool to 
remove gel), and finally fractionally precipitated from chloroform solution with 
methanol. Infrared examination of the purified products showed no detectable 
oxygen or nitrogen. In all experiments described here, the subsolution was 
0.01 N with respect to sulfuric acid. 

The kinetic results, shown in Figure 1, were obtained by the following tech- 
nique. The glass trough of the surface balance was filled with a subsolution of 
aqueous permanganate and sulfuric acid of known strength. The surface was 


butadiene styrene (25-5% styrene) 
butadiene — styrene (# % styrene) 
natural rubber 


gutta — percha 


10 20 30 40 min. 


n' ‘or r gutta-perc. 


swept several times with paraffin waxed glass slides to adsorb surface impuri- 
ties, and a calculated amount of polymer solution was deposited with an Agla 
micrometer syringe. The deposited film was immediately compressed with a 
waxed slide until the required surface pressure (2 dynes/cm) was registered. 
This usually took about 1 minute. A stopwatch was started about 15 sec after 
the first drop of polymer solution had been deposited. The barrier position 
was continuously adjusted manually from external controls so as to maintain 
the surface pressure constant at 2.0 + 0.1 dyne/em. The extent of reaction 
was characterized by A/A,, where A and A,, are the film areas at times ¢ and 
«©, respectively. Kinetic results are shown as percentage reaction against 
time curves. When all reaction (as characterized by the increasing film area) 
had ceased, the film was momentarily expanded and then slowly compressed to 
obtain the surface pressure (7) and surface potential (AV) against area iso- 
therms. Surface potential values are not presented here as such. Instead, the 
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closely related ‘‘surface dipole moment (x)" is shown, values having been cal- 
culated by the relationship: 


= 0.0266AV-A 


where AV units are millivolts, A units are square angstrom units per polymer 
residue, and y» units are millidebyes. y is a measure of the vertical component 
(i.e., normal to the surface) of the dipole moment per residue of hydroxylated 
polymer. 


RESULTS AND DISCUSSION 


The surface hydroxylation reaction—When polyisoprenes are deposited on a 
subsolution of water or dilute acid, comparatively thick films (thickness ca. 
500 A) are formed which are of the order of 100 molecular layers high?*. By 
taking stringent precautions to rid the aqueous subsolution of surface-active 
impurities, it has been shown that these films are unaffected by exposure to 
atmospheric oxygen, at room temperature’. For example, when natural rubber 
hydrocarbon is deposited on 0.01 N sulfuric acid and the film is immediately 
compressed and maintained at a surface pressure of 2 dynes/cm, it is found that 
the area of the film remains unchanged for at least one hour. This result dis- 
proves the contention of previous workers? that natural rubber is autoxidized by 
atmospheric oxygen at an appreciable rate when deposited on water. 


CH; 


H bu 
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When natural rubber hydrocarbon and similar polyolefins are deposited on 
acidified aqueous potassium permanganate, the polymers spread spontaneously 
at measurable rates to form monolayers whose final areas are characteristic of 
the polyolefin. By analogy with the well-established surface hydroxylation of 
unsaturated amphipathic molecules (e.g., fatty acids and esters**), it may be 
suggested with confidence that this spontaneous expansion results from a chemi- 
cal reaction between the polyolefin and the aqueous acidic permanganate. 
For natural rubber, the initial product of this reaction corresponds to poly-2- 
methyl-2,3-dihydroxybutane (I), which being a polyglycol, would be expected 
to form an orientated unimolecular film at the air/subsolution interface. The 
analogous glycols for polybutadiene and polybutadiene-styrene copolymers are 
II and III, respectively, where n, p, and q are the usual parameters describing 
polymer composition. 

In common with the analogous reaction of permangante with olefinic fatty 
acids and esters, the expansion reaction of the polyolefins is followed by a slower 
reaction, involving oxidative scission of the polymer main chain, during which 
the monolayer dissolves in the subsolution, and the monolayer area (at constant 
pressure) decreases steadily. Unless the permanganate concentration is ex- 


4 
‘3 
2) 
2) 
ae 


MONOLAYERS OF HYDROXYLATED RUBBERS 449 


tremely low, it is impossible to isolate kinetically the primary hydroxylation 
reaction. Exploratory experiments showed that a permanganate concentration 
of about 10~ N was well suited to allow the reaction to proceed at a convenient 
rate while preventing subsequent oxidative scission reactions. Figure 1 illu- 
strates reaction-time curves for natural rubber, gutta-percha, and two butadiene- 
styrene copolymers (styrene content = 8 and 23.5 per cent, i.e., p/q = 22.2 
and 6.3, respectively). Subsolutions were: 2.0 X 10~-* N KMnQ, for the poly- 
isoprenes, 1.0 X 10-* N KMn0, for the copolymers and, in all cases, 0.01 NV 
H;SO,. It can be seen that the reaction proceeds to completion in every case, 
thereby demonstrating the effectiveness of subsolution conditions in isolating 
the primary reaction. 

The kinetic form of the reaction-time curves is of interest and a kinetic 
analysis for the polyisoprenes has been described elsewhere*. It is noteworthy 
that the kinetic form of the reaction of the butadiene-styrene copolymers differs 
appreciably from that of the polyisoprenes, in that the maximum rate occurs 
much sooner (e.g., at 20 — 30 per cent reaction) for the butadiene-styrene co- 
polymers than for the polyisoprenes (maximum rate at 50 per cent reaction). 
The same effect has been found for polybutadiene, and this we believe arises from 
the differing double-bond reactivity toward permanganate of the 1,2- and 1,4- 
butadiene residues. The detailed kinetics of the polybutadiene-permanaganate 
reaction will be described at a later date. At present, it is sufficient to note 
that the primary reaction has been isolated and is found to go to completion 
on very dilute permanganate. 

The amount of polyolefin used in any one of the monolayer experiments de- 
scribed here is so small (ca. 5 X 10~* g) that chemical methods of analysis can- af 
not be used to identify the reaction products. Analogous experiments, involv- 
ing analytically sufficient quantities of polyolefin, performed in bulk are equally 
unsuitable because: (a) polyolefins and permanganate are incompatible and no 
solvent will dissolve both reactants, and (6) even if this objection were circum- 
vented by using an emulsion system, a prohibitively large volume of permanga- 
nate solution would be required since the permanganate concentration must be 
extremely low to avoid subsequent oxidative chain-scission reactions. The 
surface balance technique, however, provides a method of investigating reaction 
products, such as the hydroxylated polyolefins, that cannot be isolated by con- 
ventional methods of “bulk’’ chemistry. From a study of the surface pressure 
area (r-A) and surface moment-area (u-A) characteristics of the products, it is 
possible to derive information concerning their structure and orientation at the 
surface. For example, it is known that high polymers containing hydrophilic 
polar groups (—OH, CO.H, COR, CN, etc.) form stable monomolecular layers 
at an air-water interface”. Such monolayers are oriented for maximum surface 
stability with their polar groups directed toward, and their nonpolar groups 
directed away from, the aqueous subsolution On this basis, products such as 
I, II, and III are expected to form oriented monolayers with their main chains 
resting along the surface and with their hydroxyl groups directed into the sub- 
solution. The extent to which this occurs in practice can be estimated by com- 
paring the observed area occupied by a hydroxylated polyolefin residue with the 
area per residue calculated on the basis of established interatomic distances. 

Film characteristics of hydroxylated polyisoprenes (I).—Natural rubber 
hydrocarbon was deposited on 1.0 x 10-* N KMnQ, subsolution, the expansion 
reaction was allowed to proceed until the area became constant (ca. 80 min), 
the resultant film was compressed, and the w-A and y-A characteristics were 
determined. These are shown in Figure 2, where it can be seen that the film is 


a 

4 

=f 


450 RUBBER CHEMISTRY AND TECHNOLOGY 


highly condensed. Gentle exploration of the film with a fine air jet showed 
that the film was completely mobile over the whole of the compression region. 
The limiting area of the film (i.e., the area per residue obtained by extrapolat- 
ing the linear, high pressure region down to zero pressure) is 24.0 A? per residue. 


Surface pressure, TT (dyne /em ) 
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Fie. 2.—Surface pressure (7-A) and surface dipole moment (u-A) curves for natural rubber (O) and 


gutta percha (@). Subsolution for natural rubber, 1.0 X10~* N KMnO,, 0.01 N H2S80,4. Subsolution for 
gutta percha, 2.0X10~ N KMn0O,, 0.01 N 


uw can be seen to remain virtually constant, at about 200 millidebyes, at areas 
greater than 25 A? per residue, thus demonstrating the homogeneity of the ex- 
panded film and the absence of hydroxyl group reorientation on compression 
over this region. The large drop in uw occurring on compression below 25 A? 
shows that considerable distortion, involving a reorientation of the originally 
fully extended residues, occurs in the high pressure region. To exclude the 
possibility of the primary reaction product being a polyisoprene permanganate 
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a further experiment was performed in which the sufrace reaction was taken to 
completion and sufficient sodium sulfite was then added to the subsolution to 
reduce completely the permanganate (disappearance of purple color). Such a 
process should also destroy any addition complex that might be present. The 
resultant film was then compressed and its surface characteristics determined. 
It was found that the destruction of the permanganate by the sulfite produced 
no detectable effect on either the r-A or the u-A characteristics of the film. It 
is concluded that the primary reaction product is not an olefin/permanganate 
addition complex. 

When natural rubber hydrocarbon is deposited on more concentrated 
permanganate subsolutions, the expansion reaction proceeds at a greater rate. 
For example, on 0.01 N KMnQ,, the reaction is complete within two minutes 
and, if the resultant film is immediately compressed, its surface characteristics 
can be determined before appreciable chain scission has occurred. Figure 3 
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Fie. 3.—Surface pressure (O) and surface rm moment AS 2 serves for natural rubber. 


Subsolution: 0.01 V nO,, 0.01 N 

shows the 2-A and y-A curves obtained under these conditions. Each curve 
contains points from two separate experiments and it is evident that the results 
are wholly reproducible. Although the film is somewhat more expanded in the 
low pressure region than that obtained on 1.0 X 10-* N KMnQ,, the limiting 
area is found to be 25.5 A? per residue. This value is sufficiently close to that 
(24.0 A?/res.) obtained on 1.0 X 10-* N KMn0Q, subsolution to permit the con- 
clusion that the reaction product is a well-defined entity. The more expanded 
nature and the high compressibility of the film on the stronger permanganate 
subsolution suggests that a certain amount of chain scission has occurred during 
the short time (ca. 10 min) necessary to determine the 7-A and y-A curves. 
This view receives support from the higher value of yu (ca. 240 millidebyes) in 
the expanded region on the stronger permanganate subsolution. This value, 
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corresponding to a more complete vertical orientation of the hydroxyl groups in 
the surface, is understandable on the basis of the greater orientational freedom 
of the polymer end-groups and their neighbors in the same chain. 

Gutta percha differs from rubber in that reproducible limiting areas could 
not be obtained after reaction on very dilute permanganate. Figure 2 shows 
a typical r-A curve, on 2.0 X 10-* N KMn0,, having an apparent limiting area 
of 19 A? per residue. Values ranging from 7 through to 23 A? per residue were 
found in repeat experiments. Further study showed that the larger areas 
were obtained when the gutta solution was warmed immediately prior to dep- 
osition or when the gutta was “plasticized” with liquid paraffin. This in- 
complete spreading undoubtedly results from the strong tendency of gutta to 
crystallize in both the spreading solution and the initially deposited films. The 
high cohesion of the crystallites reduces the ability of the hydroxylated resi- 
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Fic. 4.—Surface pressure (©) and surface dipole moment (@) curves for gutta-percha. 
Subsolution: 0.01 NV KMn0«, 0.01 N 


dues to spread out on the surface and bring further unreacted residues into ki- 
netic contact with the permanganate in the subsolution. This difficulty was 
successfully overcome by depositing the gutta on 0.01 N KMnO,. Under these 
conditions, the rate of hydroxylation is so great that, by the time the volatile 
solvent has evaporated, the residual film is extensively hydroxylated and is 
therefore a random copolymer of isoprene and dihydroxyisoprene. Such a 
copolymer, with its nonregular chain structure could not crystallize on the 
surface, and the hydroxylation should therefore proceed to completion. Figure 
4 shows the 7-A and y-A characteristics of gutta, deposited on 0.01 N KMnQ,. 
Aside from minor differences in compressibility and higher pressure stability, 
the resultant film is remarkably similar to that obtained from rubber in its 
limiting area (25.8 A? per residue) and w (240 millidebyes) in the expanded 
region. Referring back to Figure 2, and assuming that hydroxylated gutta 
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possesses the same limiting area as hydroxylated rubber, a corrected value of u 
can be calculated for hydroxylated gutta, on 2.0 X 10-* N KMn0O,. This cor- 
rected value, 201 millidebyes, is virtually identical with that found for hydroxy- 
lated rubber, 200 millidebyes. 

Film characteristics of hydroxylated polybutadiene (II) and butadiene-styrene 
copolymers (III).—Foliowing the above technique, 7-A and y-A curves were 
constructed for the hydroxylation products of polybutadiene and the butadiene- 
styrene copolymers. These are presented in Figure 5 (subsolution: 1.0 x 10~ 
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Fig. 5.—Surface pressure (7-A) and surface dipole moment (u-A) curves for polybutadiene (A), poly- 


butadiene-styrene (8% styrene, ©), and polybutadiene-st: 23.5 it; Subsolution: 1.0 


N KMn0O,) and Figure 6 (subsolution: 0.01 N KMn0,), where the film areas are 
expressed in terms of the area occupied per butadiene residue. Figure 5 shows 
that, on very dilute permanganate, there is no significant difference between 
polybutadiene and the copolymers, i.e., the presence of styrene residues in the 
polymer has no effect on the surface characteristics of the reaction products; 
this must mean that the styrene residues are not present in the effective surface 
phase. On average, for these three polymers, the limiting area per butadiene 
residue is 18.5 + 1.0 A*. Since the u values (ca. 145 millidebyes) of the buta- 
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diene polymers differ appreciably from the polyisoprenes (ca. 200 millidebyes), 
and are independent of the styrene content, this difference must be ascribed to 
a difference in hydroxy] group orientation between the butadiene polymers and 
the polyisoprenes. This is not surprising in view of the fact that about 20 per 
cent of the butadiene residues are 1,2 polymerized. 

Figure 6 shows z-A and y-A curves for a butadiene-styrene copolymer, con- 
taining 23.5 per cent styrene, after hydroxylation on 0.01 N KMnQ,. On this 
subsolution the copolymer has a limiting area of 19.0 A? per butadiene residue, 
a value which is very close to that (18.5 A?) formed on 1.0 X 10-* N KMn0,. 
Thus, although a certain amount of chain scission has occurred on the stronger 
permanganate subsolution, as is evident from the more expanded nature of the 
m-A curve in the low pressure region, the limiting area per butadiene residue 
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Fie. 6.—Surface pressure (©) and surface dipole moment (@) curves for > me! 
styrene (23.5% styrene). Subsolution: 0.01 N KMnQ,, 0.01 N HS0O,.. 


remains well established at about 19 A?. The yw-A curve is of interest since, 
unlike those of the hydroxylated polyisoprenes, it shows a marked reduction 
from 225 down to 174 millidebyes, as the film is compressed from 100 down to 
40 A?. This may be a reflection of the reorientation of the pendant 1,2 residues 
on compression, although the possibility of the styrene residues contributing to 
the surface dipole moment, in the expanded region, cannot be excluded. As 
with the polyisoprenes, yu values on 0.01 N KMnQ, are significantly higher than 
those on 1.0 X 10-* N KMnQ,, and this may be due to more complete hydroxyl 
group orientation resulting from chain scission. 

Structure of hydroxylated polyolefin films.—In view of the incursion of chain- 
scission reactions when hydroxylation proceeds on the stronger permanganate 
subsolutions, the following comments are largely limited to the results obtained 
on the more dilute subsolutions. 
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The first fact that emerges is that the hydroxylated films are monomolecular 
layers. This can be shown directly from considerations based on accepted 
covalent bond radii” or from molecular models constructed to these dimensions. 
Using the following covalent bond parameters: C—C 1.54 A, C—H 1.07 A, 
C—O 1.42 A, O—H 0.96 A, >C 110°, an idealized diagram of a hydroxylated 
1:4 butadiene residue can be constructed (see Figure 7). This diagram is 
idealized in the sense that a regular arrangement has been postulated in which 


view from above 
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Fie. 1G of hydroxylated polybutadiene and polyisoprene at the bsolution/air 
interface. Smells ireles : hyd hydrogen. Large circles: carbon. Shaded circles : oxygen. 


the carbon valencies are “‘staggered'’"*. This results in an orientation in which 
the hydroxyl groups are directed toward the aqueous subsolution, as required 
by the formation of a stable surface film. Such an arrangement possesses a 
residual repeat distance of 5.0 A along the polymer chain and a distance of 4.3 A 
normal to the chain direction. The former distance is determined exclusively 
by C—C covalent bond distances and angles, while the latter distance is deter- 
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mined largely by the less well-defined van der Waals radii. The calculated 
surface area of such an idealized residue is 21.5 A?. This value may be com- 
pared with the residual areas found experimentally, about 19 A? (see Table I). 
The experimental values are somewhat lower than the calculated value, but 
this discrepancy may easily be accommodated by allowing for the limited 
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AREAS AND SurFACE MoMENTS oF 
HYDROXYLATED POLYOLEFINS ON ACIDIFIED 


(0.01 N H.SO,) Porasstum PERMANGANATE SUBSOLUTIONS 


Limiting area (Millidebyes at 
(A?/res.) 35 AY res.) 


“1.0X10-4 0.01 (1.0x10~ 0.01 
Polyolefin NKMnO;e NKMnOg N 


Natural rubber J 25.5 200 236 
Gutta percha 25.8 (201) 239 
Butadiene (92%)-styrene (8%) 148 
Butadiene (76.5%)-styrene (23.5%) 18.5 19.0 142 174 


« Assumed value (see earlier discussion). 
+ Calculated value based on assumed value. Subsolution: 2.0 N KMnO,. 


amounts of main chain rotation and interchain distortion that undoubtedly 
occur when the film is compressed laterally. The extent to which the presence 
of 1,2 units affects the average residual area is unknown, but molecular models 
suggest that the area occupied by a fully extended 1,2 residue should not ap- 
preciably differ from that of a 1,4 residue. However, the presence of a 1,2 
residue in the long chain introduces orientational problems that can be overcome 
only by the existence of kinks of the following type, in which a 70° change of 
direction, in the surface plane, is involved. Since each of the hydroxylated 


carbon atoms is stereochemically asymmetric, each residue may contain an 
erythro or a threo pair of —OH groups. Not enough is known about the mech- 
anism of hydroxylation by acidic permanganate to decide this matter. How- 
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ever, structures based on atomic models suggest that no significant difference 
in the calculated residual areas of these two forms is to be expected. On the 
whole, in view of these problems of isomerism, the difference between the cal- 
culated and experimental residual areas is gratifyingly small, and it may be 
safely concluded that the resultant film is a monomolecular layer. 

As already mentioned, the styrene content of the copolymers, is without 
effect on both the limiting area and the surface dipole moment. Since a 
phenyl group would occupy at least 25 A? in the surface, it is evident that the 
styrene residues must be situated either above or below the hydroxylated buta- 
diene residues. This result is surprising since one would expect an isolated 
styrene residue, flanked by hydroxylated butadiene residues, to be extended in 
the surface, and it must be concluded that a high proportion of the styrene is in 
the form of groups of contiguous styrene residues. The work of cohesion of a 
block of styrene residues would exceed its work of adhesion to water and such 
a block would therefore not occupy an appreciable area on the surface (cf. 
polyolefins before hydroxylation). This concept would account for the results 
of Rabjohn" et al., who, by the ozonolysis of GR-S, were able to identify only 
one in four styrenes as isolated residues along the copolymer chain. 

The polyisoprenes, considered here, contain only one chemical type (1,4) 
of repeat unit and the surface dimensions of their hydroxylated derivatives are, 
therefore, correspondingly simpler to predict. The repeat distance along the 
chain is 5.0 A, as for the hydroxylated polybutadienes, but the interchain 
distance is expected to be greater than that of the hydroxylated polybutadienes 
owing to the presence of the methyl group. Referring back to Figure 7 it can 
be seen that the interchain distance of the polybutadiene derivatives is deter- 
mined by the nearest approach of the hydroxyl groups in neighboring chains. 
A hydroxylated isoprene residue, however, of identical “‘idealized’’ orientation 
is unable to approach its neighboring chain so closely (see Figure 7). The re- 
placement of a hydrogen by a methyl group in the residue increases the inter- 
chain distance (van der Waals radius of H = 1.2 A, CH; = 2.0 A) which is now 
determined by the nearest approach of a methyl group to a neighboring methy- 
lene group. The resultant interchain distance, 4.8 A, gives an area of 24.0 A?- 
per hydroxylated iosprene residue. This calculated value is in excellent agree- 
ment with the experimental values (see Table I) of 24 A? and ca. 25.5 A? found 
on 1.0 X 10-* N and 0.061 N KMn0O,, respectively. The concept is idealized 
insofar as packing differences due to threo and erythro forms are neglected. It 
is of interest, however, that both cis- and trans-polyisoprenes appear to yield 
the same hydroxylated derivative—insofar as these may be characterized by 
their limiting areas and surface dipole moments. 

The surface dipole moments of the polybutadienes are consistently lower, by 
about 60 millidebyes, than those of the polyisoprenes. This is probably a 
result of the orientational distortion associated with the presence of 1,2 units 
along the chain. As previously mentioned, such groups—while not affecting 
the limiting areas—introduce kinks into the chain. These kinks will produce 
a less complete vertical orientation of the hydroxyl groups, and hence a smaller 
dipole moment normal to the surface. This interpretation is supported by pre- 
liminary results obtained with a synthetic polyisoprene containing about 10 
per cent of 1,2 and 3,4 units. This polymer, when hydroxylated, possesses a 
limiting area identical with the hydroxylated natural polyisoprenes, but with a 
markedly reduced surface dipole moment. 
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SYNOPSIS 


When thin films of natural rubber, gutta percha, polybutadiene, and poly- 
butadiene-styrene copolymers are deposited at the surface of aqueous acidified 
potassium permanganate, they undergo a surface reaction and spread spontane- 
ously. A study of the products of this reaction has been made, and their surface 
characteristics are described. The reaction products are polyhydroxy deriva- 
tives of the polyolefins and are shown to form stable monomolecular layers at an 
air-water interface. The areas of the hydroxylated olefin residues have been 
determined, and their magnitude and orientation at the interface is discussed. 
The agreement between experimentally determined areas and theoretical areas 
(from established interatomic distances) is good. Results suggest that buta- 
diene-styrene copolymers contain an appreciable number of blocks of contigu- 
ous styrene units. 
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GLASS TRANSITION TEMPERATURES 
OF COPOLYMERS * 


LAWRENCE A. Woop 


NationaL Bureau or Stanparps, WasHinoton 25, D. C. 


I. INTRODUCTION 


As the temperature is lowered, the expansivity of all polymers, even in the 
absence of crystallinity, decreases from a value of about that of a normal liquid 
to a value near that of a normal crystalline solid. The determination of glass 
transition temperature as the intersection of linear portions of graphs of volume 
or length against temperature is a familiar procedure, and the value obtained 
is of course a highly significant parameter for a polymer. 

In discussing the glass transition temperature of a copolymer, the first point 
to be made is that it exists; that is, a true copolymer possesses a single glass 
transition temperature. With mechanical mixtures not forming true solutions 
and with graft and block copolymers this is not so, and under favorable condi- 
tions one can observe breaks in the volume-temperature relation corresponding 
to the glass transitions of the separate constituents'. The present paper pre- 
sents an analysis of available experimental data on the dependence of glass 
transition temperature on composition in copolymers. 


II. FORMS OF GENERAL EQUATION 


The simplest relationship one can conceive would set 6, the glass transition 
temperature of the copolymer, equal to the properly-weighted average of 6; and 
62, the glass transition temperatures of the homopolymers made from the re- 
spective constituents. For uniformity 62 will be taken as greater than @;. It 
would seem reasonable that the weighting factor of a given constituent ¢ should 
include c;, the weight-fraction of that constituent, and a constant A; character- 
istic of the constituent in some manner as yet unspecified. Thus for a copoly- 
mer 

(6 — 6;) + Azce(@ — 62) = 0 (1) 


A system containing three or more components would be represented by an 
equation with additional terms of the same type. 

It will be seen in the next section that equations equivalent to Equation (1) 
can be derived from several theoretical approaches. The derivations differ in 
the significance to be ascribed to the factors A; and Az. The form of Equation 
(1) shown here, in view of its symmetry and simplicity, is regarded as the most 
satisfactory general presentation. For special purposes, however, the equation 
can be put into many different forms. The equivalence of these forms has not 
always been recognized. 

If one defines a constant k = A2/Aj, a form which is explicit for @ is: 


6 = + — — (1 — (2) 
* Reprinted from the Journal of Polymer Science, Vol. 28, Issue No. 117, pages 319-329, March 1958. 
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It can readily be noted from this form that if and only if A2 = Aj, will k be unity 
and the relation between @ and ce be linear. Gordon and Taylor’, who were 
apparently the first to publish a relation between 6 and cz, presented the relation 
in a form like Equation (2), differing only in that it was explicit for co. 

The slope of a plot of @ against c2 has the limiting values of k(@2 — 6,) at 
co = O and (1/k)(@2 — 6;) at ce = 1. It will be noted later that k is almost al- 
ways less than unity. Consequently the initial slope will usually be less than 
the average slope and the final slope greater than the average. Thus the plot 
will usually be convex to the axis of abscissas. 

If one defines a constant R = (02A2)/(0:A1) = (62/0:)k, Equation (1) can be 
put in a reciprocal form given by Mandelkern’ et al. With the correction of a 
slight typographical error, the equation is: 


1/6 = [1/(e1 + Ree) + Re2/O2] (3) 


For the special case where R = 1, namely if k = 6,/62, this readily reduces to 
the simple equation given by Fox*: 


1/6 = 1/0; + (4) 


Equation (1) can be put in a form involving volume-fraction v rather than 
weight-fraction c if desired, by introducing the density p of the homopolymer 
at the temperature 6. 


(6 — 61) + Aspave(6 — 62) = 0 (5) 


A plot of @ against v2 will be linear if Asp: = Api, or, in other words, if k = 
pi/p2. Since this condition is generally not fulfilled, no advantage is found in 
using Equation (5) instead of Equation (1). 

Equation (1) can also be put in a form involving mole-fraction n rather than 
weight-fraction c, if desired, by introducing the molecular weight M of the 
repeating unit of each homopolymer: 


AiMini (6 — + — 62) = 0 (6) 


A plot of @ against ne will be linear if A1M, = A2M; or, in other words, if k = 
M;/Msz. Since this condition is generally not fulfilled no advantage is found in 
using Equation (6) instead of Equation (1). 


III. DERIVATION OF EQUATION 


Gordon and Taylor were the first to discuss the relation. They examined 
the consequences of assuming that in an ideal copolymer (analogous to an 
ideal solution) the partial specific volumes of the components are constant and 
equal to the specific volumes of the two homopolymers. They assume further 
that the specific volume-temperature coefficients for the two components in 
the rubbery and glassy states remain the same in the copolymers as in the 
homopolymers and are not functions of temperature. At the glass transition 
temperature of the copolymer they then equate the specific volume of the co- 
polymer in the glassy state to the specific volume in the rubbery state. The 
resulting equation is essentially Equation (2) with Ai = Bir — Biy and Az = 
Ber — Boy. This is, in each case, the difference of the specific volume-tempera- ~ 
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ture coefficients above and below the glass transition of the homopolymer (i.e., 
in the rubbery and glassy states, respectively). 

Mandelkern and coworkers’, giving considerable credit to unpublished work 
of Fox, have reported a different derivation based on considerations of specific 
volume as the sum of a “free volume” and an ‘“‘occupied volume"’, each with its 
own temperature coefficient. Like Gordon and Taylor, they assume that the 
partial specific volumes are constant and are equal to those of the homopoly- 
mers. Proceeding from the evidence of Fox and Flory® that the glass transition 
occurs at a constant value of ‘“‘free volume,’’ Williams, Landel, and Ferry® con- 
clude that this point is reached when the free volume has been reduced to a 
certain small fraction k, of the total specific volume. They evaluated this 
fraction as about 0.025. Mandelkern and his colleagues utilized these con- 
siderations to derive Equation (3). 

The significance of the constants is as follows: 


Ai = Bir — kwBir — 
Az = Bor — kwBor — B2* 


and 


where 6,* and 6,* are the volume-temperature coefficients of the occupied 

volume per unit mass of the respective homopolymers. Of course, if the term 
involving ky, is omitted (as being only about 2.5 per cent of the preceding term) 
and if 8;* can be taken as the same as 61, with 82* the same as B2,, the signifi- 
cance of A; and A; is the same as that of the constants obtained by the deriva- 
tion of Gordon and Taylor. Mandelkern and coworkers regarded the available 
experimental determinations of the quantities entering into A; and A» as so 


unsatisfactory that they recommended that R be considered an arbitrary 
parameter. 


IV. EXPERIMENTAL DATA FOR TYPICAL COPOLYMERS 


For plotting observations of 6 as a function of composition in two-component 
systems, the most convenient forms of Equation (1) appear to be 


6 = kz — 8) (c2)/(1 — c2) +41 (7) 
and 
6 = — (1/k)(@ — 61) (1 — €2)/c2 + (8) 


Equation (7), suitable for use when 62 is known, calls for linearity in a plot of @ 
against (0. — @)(c2)/(1 — cz). The slope of such a plot is k and the intercept 
is 6,. Similarly Equation (8), suitable for use when 4; is known, calls for line- 
arity in a plot of @ against (@ — 6,)(1 — c2)/c2 with a slope of —1/k and an 
intercept of 2. Equation (7) is most satisfactory for use with the lower values 
of c, and Equation (8) is most satisfactory for the higher values. 

Since Equations (7) and (8) contain three constants, experimental values 
of 6 for any three compositions are of course necessary and sufficient to deter- 
mine the constants. The accuracy of determination of the constants will be 
best when the compositions cover as wide a range as possible. Ideally one 
should choose the two homopolymers and one value near cz = 0.5. Practical 
considerations, such as the occurrence of crystallinity’, may limit observations 
on the homopolymers. 
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Figure 1 shows plots according to the form suggested by Equations (7) and 
(8) for the copolymers of butadiene and styrene made by emulsion polymeriza- 
tion at 50° C. The experimental points, with one exception, where obtained 
from length, volume, or specific heat measurements’ at the National Bureau of 
Standards on polymers whose compositions were determined by carbon-hydro- 
gen analysis. The glass transition temperature values are given in a chapter 
in Whitby’s*® book. The value of k, determined as the slope of the line of 
positive slope and as the reciprocal of the slope of the line of negative slope, is 
0.50. A plot of the corresponding data for copolymers prepared at 5° C also 
yields a value of k = 0.50. 

Figure 2 shows the agreement between the experimental points and the 
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Fie, 1.—Plots suggested by Equations (7) and (8). my ape aed of butadiene and styrene 
made by emulsion polymerization at 50° C. ta given in reference 8. 
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curves corresponding to k = 0.50 in a plot of @ against composition. The 
curve for the 50° polymer may be represented by the following equation, ob- 
tained by inserting the proper constants in Equation (2): 


6 = (— 85 + 135c2)/(1 — 0.5c2) (9) 
Correspondingly for the 5° polymer the equation is: 
6 = (— 78 + 128c2)/(1 — 0.5c2) 
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Figure 3 gives the same type of plot as Figure 1 for data recently published 
by Mandelkern, Martin, and Quinn’ on vinylidene fluoride and chlorotrifluoro- 
ethylene polymers and their copolymers. In this case there was some doubt 
about the value of the transition temperature for the vinylidene fluoride poly- 
mer. Consequently it was first determined from the intercept of the plot of 
Equation (7) and then used for the plot of Equation (8). 

In Figure 4 we have similar plots for data of Loshaek® on the copolymers of 
butyl acrylate and methyl methacrylate. 


100 


60 


PER CENT 


Fie. 2.—Relation of glass transition temperature to composition. Copolymers of butadiene and styrene 
made by emulsion polymerization at 50 and 5° C. Experimental points represent data given in reference 8. 


A number of other copolymer systems have been studied and no instances of 
systematic deviations from linearity in plots of this type have been noted. 
We conclude therefore that all available copolymer data can be represented by 
Equation (1) with k = A2/A; an arbitrary constant for each system. This 
conclusion is not surprising in view of the fact that Equation (1) can be obtained 
by several different derivations and that its form is perhaps the simplest one 
possible for a nonlinear interpolation between the values for the homopolymers. 
However, the equation does indicate that the glass transition temperature is a 
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monotonic function of composition and that there is no possibility of a situation 
analogous to a eutectic mixture. 

A different form of equation is required for polymer-plasticizer systems 
according to Jenckel and Heusch"”, who present evidence based on studies of 
various polystyrene-plasticizer mixtures. Equation (1) does not give a satis- 
factory representation of their results, particularly in the region of high con- 
centration of plasticizer. They also show by direct measurement that for some 
polymer-plasticizer systems the partial specific volumes are not constant. 

Table I shows for various homopolymers the reported values of glass transi- 


40 80 120 160 


Fie. 3.—Plots suggested b uations (7) and (8). Co; ers of vinylidene fluoride and 


tion temperature @, volume-temperature coefficient in the rubbery state £,, 
volume temperature coefficient in the glassy state 6,, their difference Af, and 
the product 648 with @ in degrees Kelvin. 

Table II summarizes results obtained for 10 copolymer systems. The 
values of AB were taken from Table I and the values of k were determined from 
the slopes of linear plots like Figures 1, 3, and 4. It can be seen that the ob- 
served value of k, with but two exceptions, is smaller than the ratio of values of 
Ag. Only in the butadiene-styrene system is there approximate agreement. 

This lack of agreement is indicative of a deviation from the assumptions 
made in the derivations of Gordon and Taylor* and Mandelkern and coworkers’. 
It is open to question whether one can identify partial specific volumes in 
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general with the specific volumes of the homopolymers. For the butadiene- 
styrene copolymers there is experimental evidence*" that this identification is 
reasonably accurate, and this is indeed the case where AB2/A{; is nearest the 
observed value of k. Similar evidence is not available for the other systems. 
The assumption? that the volume-temperature coefficients for the two compon- 
ents remain the same in the copolymer as in the homopolymers likewise has had 
no experimental confirmation. The volume-temperature coefficient 8* of the 
occupied volume entering into the other derivation® had not yet been experi- 
mentally determined. 


100 150 


Fia, 4.—Plots suggested by Equations (7) and (8). Copolymers 4 butyl acrylate and 
methyl methacrylate, Data given in reference 9 


Since the values of k, with two exceptions, are less than unity, all the curves 
of @ agsinst weight fraction will, with these exceptions, be convex towards the 
axis of abscissas (as illustrated by Figure 2). 

The third and fourth columns of Table II show the results obtained when 
the values in the first and second columns are multiplied by 62/4; in degrees 
Kelvin. Only in the butadiene-styrene system is the value of R = (62/6:)k 
approximately unity as required in Equation (4) proposed by Fox*. However, 
it appears that the values of R, on the average, are nearer unity than the values 
of k. 

It can be seen that the observed value of R is, with but two exceptions, 
smaller than the ratio of values of @A8. Only in the butadiene-styrene system 
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TaBLe I 
HoMOPOLYMERS 


° 
7x? 


°C 
Silicone rubber —123 
Polybutadiene (50°) —85 


Natural rubber —72 
Poly (butyl acrylate) —56 
Poly (vinylidene fluoride)* —39 
Poly (ethyl acrylate)* —22 
Poly (ethylene glycol monoiso- 

butyrate monomethacrylate)* 
Poly (methy] acrylate)* 
Poly (n-butyl methacrylate) 


win 


Poly (vinyl acetate) 

Poly (n-propyl methacrylate) 
Poly (chlorotrifluoroethylene)* 
Poly (ethyl methacrylate) 
Poly (vinyl chloride) 

Poly (styrene)* 

Poly (methyl methacrylate) 


Poly (acrylic acid)* 
Copolymer data available. 


is there approximate agreement. These statements are obvious consequences 
of the conclusions from the first and second columns, but the data are presented 


for convenient direct reference. 

It happens that for the butadiene-styrene system k = A2/ A is approxi- 
mately equal to M,/M2 where M, and M; are the molecular weights of buta- 
diene and styrene. In this case @ may be obtained by linear interpolation on a 
plot with mole fraction as the abscissa—a fact which has already been pointed 


TaBLe II 
CoPoLYMERS 


Monomer Comonomer 


Butadiene Methy!] acrylate 
Styrene 
Butyl acrylate Styrene 
Methyl meth- 
acrylate 
Vinylidene fluoride Chlorotrifluoro- 
ethylene 
Ethy! acrylate Methy! meth- 
acrylate 
Ethylene glycol Methy! meth- 
monoisobutyrate acrylate 
monomethacrylate 
Methy! acrylate Styrene 
Methy! meth- 
acrylate 
Acrylic acid 


By 

x Refer- 
10-4 10“ ence 
2 1090 
14 
201 16 2.07 820 15 
217 2.6 740 
234 3 

275 3.0 690 16 
282 820 9 
= 293 10 3.80 670 17 
22 295 770 
29 302 2.07 1180 18 
= 35 308 80 3.51 820 17 
45 318 1 3 
65 338 40 2.75 900 17 
82 355 1100 19 
s 100 373 5 2.5 1120 20 
105 378 0 1.95 1150 16 
105 378 6 2.15 930 17 

Copoly- 
mer 
4] data 
43 k, R= from 
ob- 62482/ refer- 
0.50 0.73 0.75 108 22 
0.52 050 103 099 8 
0.88 068 151 4116 9 
0.90 066 4155 4114 9 
4 0.92 054 139 082 9 
4 122 132 167 181 16 
103 0.56 137 0.72 23 
* 105 057 140 076 9 
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out by Catsiff and Tobolsky”. Since & does not turn out to be equal to the 
ratio of molecular weights for any of the other systems, the relationship for the 
butadiene-styrene systems must be regarded as fortuitous. 

If k;,; is determined by the ratio of values A;/A,; of some property for each 
homopolymer, and A,;—whatever its physical significance—is maintained con- 
stant in different copolymers, then k,,2 = A2/A1, ke,3 = A3/Az2 and ky; = 
A;/A, and thus 

ki,3 ad ki,2k2,3 (11) 
Correspondingly 
Ris = Ri,2Re,s (12) 


The only data available for a triad with all combinations are those shown in 
Table II for pairs of polymers of (1) butadiene, (2) methyl acrylate, and (3) 
styrene. Here the product of k1,2 and ke,; is (0.735) (0.56) = 0.41 which is to 
be compared with the directly observed k;,; = 0.50. This is only fair agree- 
ment. 


V. CONCLUSIONS 


1. The relation between glass transition temperature and copolymer com- 
position conforms to Equation (1) and corresponds to a weighted average of the 
glass transition temperatures of the homopolymers made from the constituents. 

2. The equations derived by Gordon and Taylor and Mandelkern and 
collaborators are equivalent to Equation (1) if the significance of the constants 
A; and Ao is disregarded. 

3. A pair of equations equivalent to Equation (1) have been obtained, each 
in a form suitable for a linear plot to determine the constants entering the 
equation. 

4. The fact that the ratio of predicted values of A2 to A; is greater than the 
observed value of k in almost every instance is indicative of a deviation from 
the assumptions involved in the derivations. It is open to question whether 
one can always identify, as both derivations do, partial specific volumes with 
the specific volumes of the homopolymers. 

5. The glass transition temperature @ (in ° C) for a butadiene-styrene co- 
polymer prepared by emulsion polymerization at 50° C may be calculated 
from the bound styrene content c2 as 


= (— 85 + 135¢2)/(1 — 0.5c2) 
and for a similar copolymer prepared at 5° C as 


6 = (— 78 + 128¢c2)/(1 — 0,5¢2) 


The need for some additional work in this field is obvious. The particular 
need is for data on specific volume, expansivity, and glass transition tempera- 
ture for copolymers of accurately determined composition. Only for the buta- 
diene-styrene system are the available data reasonably good, and it is not at all 
certain how general are the conclusions drawn from this system. 

The present work has outlined the methods that may be applied to treat 
the data when they become available. 
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SYNOPSIS 


The Gordon-Taylor equation relating the glass transition temperature 6 of 
a copolymer to the glass transition temperatures 6; and 62 of the homopolymers 


is equivalent to 
(0 — 61) + — 62) = 0 


where c; and cz are the weight fractions of the constituents and A; and A: are 
constants. It can be recast into the following forms suitable for linear plots 


= — 6) (c2/e1) + 
6 = — (1/k)(@ — (e1/c2) + 


and 


where k = A2/A;. Data from the literature on 10 copolymer systems, includ- 
ing butadiene-styrene copolymers, give linear plots, verifying the equation 
within experimental error. However, the observed value of k is in most cases 
significantly smaller than the ratio of the differences of the volume-temperature 
coefficients for each homopolymer in the rubbery and glassy states, as required 
by the derivation of Gordon and Taylor. The glass transition temperature 
(in ° C) for a butadiene-styrene copolymer prepared by emulsion polymeriza- 
tion at 50° C may be calculated from the weight fraction cz of bound styrene as 


6 = (— 85 + 135ce)/(1 — 0.5c2) 
and for a similar 5° copolymer as 
6 = (— 78 + 128.2)/(1 — 0.5c2) 
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INTRODUCTION 


A three-dimensional polymer network can be formed from an assemblage of 
individual polymer chains by the intermolecular linking of a sufficient number 
of chain elements. This intermolecular linking process is termed crosslinking 
and can be carried out by a variety of chemical methods and in favorable cases 
by the use of high energy radiation. The network that is formed differs in 
many of its properties from the original system of polymer chains. A polymer 
network is characterized by its insolubility, although it has the ability to im- 
bibe many times its volume of liquid when immersed in a good solvent. A 
non-network collection of polymer chains, on the other hand, will completely 
dissolve under the same conditions. In the absence of crystallinity a polymer 
network is also characterized by its long range elasticity at temperatures above 
its glass temperature. Thus a network has the capacity to support a relatively 
large stress and to return to its original dimensions when the stress is removed. 

In considering the physical and mechanical properties of polymeric net- 
works, from both theoretical! and experimental? points of view, it always has 
been assumed that the crosslinking is a random process, i.e., units of different 
molecules are paired together in an uncoérdinated and random manner, and 
furthermore that the polymer chains are in a randomly coiled configuration. 
The requirement that chain segments be randomly disposed prior to network 
formation is obviously a stringent limitation on the types of networks that can 
be formed. It is well known, for example, that many of the fibrous proteins 
occur naturally in a state of high orientation and crosslinks if not already pres- 
ent can be introduced without disrupting the characteristic order of the system. 
Similarly, by a suitable mechanical and thermal treatment many of the more 
flexible chain-type molecules can be brought to states of high order and orienta- 
tion and subsequently crosslinked. In a recent theoretical paper Flory® has 
considered the problem of how the properties of a network will depend on the 
relative arrangement of the chains prior to network formation. In this very 
general treatment the previous results for the more usual type network are 
deduced as a special case. The other extreme that can be conveniently con- 
sidered is the case where the chains are perfectly axially oriented. It was 
found’ that the pro erties to be expected in a network depend not only on the 
fraction of the units that are randomly crosslinked but also, in a significant man- 
ner, on the disposition of the chains prior to network formation. These the- 
oretical deductions are important in efforts to explain the behavior and physical 
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properties of both protein and nonprotein macromolecular systems, and it is 
therefore of interest to assess, by experimental studies, their general validity. 
The present paper is concerned with an investigation and comparison of the 
properties of two types of natural rubber networks. One type of network is the 
usual type which is obtained when the chains are randomly coiled prior to cross- 
linking. The other type of network, which has not been heretofore studied, is 
that formed from chains originally in a highly axially oriented state. Natural 
rubber was selected for this initial study since it can be crosslinked easily by 
the action of y-rays and a great deal of physico-chemical information concerning 
this polymer is available. The physical properties of the network selected for 
study were the isotropic melting temperature, the isotropic length and the 
equilibrium swelling ratio. The manner in which these properties depend on 
the fraction of the units crosslinked and the mode of network formation were in- 
vestigated. A preliminary report, which discussed the changes that occur in 
the isotropic length of a network when it is crosslinked already has been com- 
municated‘. 


EXPERIMENTAL 


Materials.—The natural rubber used in this work was obtained from the 
original latex which contained ammonia as a preservative. Films ranging in 
thickness from 0.5 to 2.0 mm were prepared in the conventional manner by 
casting the latex on clean glass plates and allowing it to air-dry for 15 days, 
during which time the sheet was turned over once or twice to expose both 
surfaces to air. As would be expected? films prepared in this manner were not 
completely soluble in good solvents such as benzene or toluene, even at ele- 
vated temperatures. About 35% of the polymer film thus prepared was found 
to be inscluble. When immersed in benzene the insoluble gel portion swells to 
about sixty times its original volume, indicating that the fraction of the units 
crosslinked is relatively small. However, since the slight amount of crosslink- 
ing that is present is a very desirable feature in the subsequent treatment of the 
film, no effort was made to remove or prevent the formation of gel. The density 
of the dried latex film was determined by the method of hydrostatic weighings® 
and found to be 0.910 g/cc at 25° which is in accord with the accepted value for 
natural rubber in the amorphous state’. There was no evidence of orientation 
or crystallization in these films as determined by x-ray diffraction. This ma- 
terial was then used to prepare networks of the type whose chains were in the 
randomly coiled configuration and also served as the starting material for pre- 
paring the highly oriented systems. 

Racking process—The highly oriented state of the rubber molecules was 
obtained by a modification of the “racking process” originally developed and 
described by Feuchter*. The term racked is applied to a polymer sample 
stretched well beyond its normal limit of extensibility and being capable of 
maintaining this state without the application of any external force. In this 
procedure a narrow strip of the latex film is subjected to a very rapid elongation 
while being held at an elevated temperature and is then quickly cooled to about 
20°. Crystallization ensues rapidly at the lower temperature and, when the 
external force is removed, the specimen remains in the crystalline and elon- 
gated condition. By successively repeating the heating, stretching and cooling 
operations enormous extensions can be reached with natural rubber, elongations 
as high as 10,000% being reported’. However, it is found that the ratio of the 
extended or racked length to the retracted length of the specimen continually 
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decreases with each successive racking operation, the maximum in this ratio 
being achieved after the first step. It appears that continually racking the 
sample introduces irrecoverable increases in length which may be attributed to 
such processes as chain rupture or flow. Because of these considerations the 
oriented samples prepared for study were limited to only one racking cycle. 

The maximum extended length that could be attained in one cycle is also 
strongly influenced by the temperature at which the strectching takes place. 
For the natural rubber latex films that were used here the optimum temperature 
was found to be 80°, and a maximum ratio of racked length to retracted length 
of about eleven was achieved in the specimens used. Extensions of this order 
are much larger than that usually achieved by subjecting natural rubber to a 
simple tensile force. Solubility studies indicate that during the one-cycle 
racking process no change occurred in the proportion of the material that was 
gel. These high extensions could be obtained by us only when the lightly cross- 
linked latex film was used. Attempts at racking rubber from other sources as 
smoked sheet and pale crepe were not nearly as successful. It would appear that 
a necessary requirement for obtaining high elongation is that the polymer be 
either lightly crosslinked or be of very high molecular weight. 

The wide-angle x-ray pattern of the racked rubber’ is a characteristic fiber- 
type diagram with a large number of sharp reflections indicative of high axial 
orientation. _However, an amorphous halo still persists. This latter observa- 
tion is in accord with our measured density of 0.938 g/ce for the racked rubber, 
which indicates that though highly oriented only about 35% of the material 
is in the crystalline state. The highly oriented condition of racked rubber is 
maintained without the application of any external force at temperatures up to 
and including 42°. At this temperature the rubber shrinks very quickly to its 
original length and reverts to the disordered state. Both the original latex 
rubber and the racked specimens can be crosslinked when exposed to the action 
of y-rays from a Co™ source. As the density of crosslinks in the oriented 
material is increased, the temperature at which retraction occurs decreases 
progressively until a point is reached where the samples will retract at room 
temperature while being irradiated. Despite this limitation on the amount of 
crosslinking that can be introduced into racked rubber, a sufficient fraction of 
the units can be interlinked without significant shrinkage occurring, so that the 
properties of interest and their dependence on crosslinking can be studied. 

Crosslinking procedure.—Both a 50-curie and a 200-curie Co™ source located 
at the National Bureau of Standards were used for the irradiations. The speci- 
mens being irradiated were contained in a sealed and evacuated 20-mm Pyrex 
tube, the flat bottom of which was placed a fixed distance above the source. 
Prior to being subjected to the action of the y-rays each strip of racked rubber 
was split in half along the longitudinal direction, and one of the halves, which 
served as a control for the length measurements, was not irradiated. The strips 
to be irradiated were wrapped into coils to fit the inner diameter of the Pyrex 
tube, and alternate layers of the amorphous unoriented rubber and the racked 
coils were placed in the tube, and the distance of each sample from the bottom 
of the tube was noted. The number of samples in a given tube usually ranged 
from six to ten, and the tube and its contents were subjected to the action of the 
-rays for a predetermined time. Exposure times for the experiments reported 
here ranged from 6 to 1000 hr. The appropriate dose rate for each sample was 
determined from its distance from the bottom of the tube, the distance of the 
bottom of the tube from the source and a previous calibration" relating dose 
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rate and distance from the source. Thus, for a given total exposure time for the 
entire tube, each sample can be characterized by an equivalent exposure time 
which is proportional to the radiation dose received. In a typical experiment, 
if the total exposure time of the tube was 600 hr, the equivalent exposure time 
of the individual rubber specimen would range from 600 hr to about 100 hr. 

Length measurements.—Subsequent to the introduction of the crosslinkages 
each of the racked samples and its corresponding control was immersed in boil- 
ing water for a half minute. The shrinkage of both specimens occurred very 
rapidly under these conditions. The specimens were dried in air for 24 hr at 
25° and the lengths measured using a scale which could be read to 0.1 mm. 
The noncrosslinked control specimens always returned to approximately their 
original length, which was of the order of one centimeter. This length, char- 
acteristic of the material which had been racked but had not been crosslinked, is 
designated as Lo. A maximum increase of length due to the racking process 
itself of about 5% was observed. To minimize the effect that any slow relaxa- 
tion processes might have, the lengths of the specimens which had been cross- 
linked in the oriented condition were redetermined after swelling in benzene and 
redrying in vacuo. This length, characteristic of the retracted material which 
had been crosslinked in the oriented state, is designated as L;. In the subse- 
quent discussion, in order to account for the slight increase in length caused by 
the racking process itself, the ratio L;/Lo for each specimen will be considered. 

Sol-gel ratio and equilibrium swellings —To determine the fraction of the 
material partitioned between the sol and gel portions after irradiation, the 
original unoriented samples and the retracted oriented samples were weighed 
and immersed in freshly distilled benzene at 25°. Swelling occurred during 
this process as well as dissolution of the sol fraction. The benzene was replaced 
every 48 hr and this process was continued for five to ten days. After this 
period of extraction it was found that the dried insoluble or gel portion had 
attained a constant weight which did not change on further extraction. To 
assess the reliability of this method in a few experiments, the total benzene 
supernatant was evaporated to dryness and the amount of soluble material 
determined. It was found that the total weight of the sol and the gel portion 
agreed with the original weight of the material to within 1%. The fraction of 
sol in these studies ranged from 0.65 for the original material to 0.015 for the 
most highly irradiated specimens.. 

After the sol portion had been extracted, the dried and weighed gel was reim- 
mersed in a closed tube containing a large excess of benzene, and the system was 
thermostated in a water-bath maintained at 25 + 0.1°. Preliminary experi- 
ments indicated that the swelling equilibrium was attained in seven days since 
no significant change of weight occurred in the swollen system after this time. 
After the establishment of equilibrium, the swollen gel was transferred to a 
weighing bottle and the contents weighed after the liquid adhering to the 
polymer surface was removed by brief contact with paper. The equilibrium 
swelling ratio of the network, which is defined as the ratio of the volume of the 
swollen network to the volume of the dry network, was computed from the 
above weight, the weight of the dried gel, and the known densities of natural 
rubber and benzene at 25°. 

It must be emphasized that in order to obtain swelling equilibrium measure- 
ments that are of physical significance it is mandatory that all the sol be re- 
moved from the sample. Besides the obvious correction to the weight of the 
system that must be made if sol is present, a small amount of soluble polymeric 
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material will drastically alter the chemical potential of the swelling liquid. 
Since the equations governing swelling equilibria, particularly the relation be- 
tween swelling ratio and the fraction of the units crosslinked, are derived on the 
basis of the swelling in a pure liquid, corrections would have to be applied. The 
necessary corrections are difficult to introduce in a general way and would re- 
quire an independent thermodynamic study. The error involved when the 
above-mentioned precaution is not taken can be quite serious and leads in some 
cases to an apparent increase in the swelling ratio as the fraction of the units 
crosslinked increases”. 

Melting point determination.—Following the determination of the equilib- 
rium swelling ratio the dried gel portions were placed in small stoppered tubes 
and the tubes were maintained at temperatures ranging from —18° to —36° for 
several weeks. Under these conditions of storage the crystallization of both 
types of polymer networks ensued, as evidenced by the development of turbidity 
and loss of the characteristic rubberlike elasticity. After the development of 
an adequate amount of crystallinity the tubes were heated at the rate of 3-4° 
per hour, and the temperature at which the sample became transparent was 
taken as the melting point. This temperature could be determined reproduci- 
bly to within 1°. The relatively rapid heating rate employed” is not con- 
ducive to the formation of the most stable crystallites, and hence this type of 
observation does not allow the determination of the equilibrium melting tem- 
perature. However, this procedure should be adequate for comparing the 
melting temperature of the different type networks. For present purposes the 
determination of the relative melting temperatures is all that is required. 


RESULTS AND DISCUSSION 


The crosslinking process.—In order to describe adequately the determination 
of the fraction of units crosslinked in each type of network, it will be necessary 
to discuss briefly the theory of crosslinking and gel formation in polymers. 
When polymer materials are subject to the effect of high-energy radiation, either 
crosslinking or chain scission reactions or both usually occur"*®. In the case of 
natural rubber, Charlesby and Groves”have demonstrated that the predominant 
effect is crosslinking and the amount of chain fracture that occurs is very small. 
When the units of a polymer are crosslinked at random, regardless of the mech- 
anism of the crosslinking process, Flory'® and Stockmayer'’ have shown that 
certain critical conditions must be fulfilled in order for gelation to occur. 
They have shown that for any initial molecular weight distribution, gelation 
will occur when the fraction of the units in the entire system that are crosslinked 
p: is equal to the reciprocal of the weight-average degree of polymerization. 
The further introduction of additional crosslinks after the gel point has been 
reached will cause a systematic decrease in the fraction of the polymer that is 
soluble. In the absence of chain scission reactions, a point eventually will be 
reached where a sufficient number of crosslinks have been introduced to render 
the whole material insoluble. However, if the crosslinking is accompanied by 
chain scission processes then complete insolubility of the material will not be 
attained. 

A quantitative description of the partitioning of the polymer material be- 
tween sol and gel in the post gelation region has been given by Flory'® in 1947. 
Under the assumptions that chain units are paired at random and that chain 
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scission reactions are absent, he found that the fraction sol of the material W, 
can be expressed as 


W, = — — (1) 


where w, is the weight fraction of chains in the original polymer consisting of y 
repeating units, and @, is the probability that a noncrosslinked chain unit 
selected at random will be part of the sol. This equation is valid for any initial 
molecular weight distribution of the primary molecules. @, can be related to 
W, by the relation 


When p; is small, ¢, in Equation (1) can, with negligible error, be identified with 
W,, and the equation reduces to the more useful form of 


W,= — (3) 


where W, is the weight fraction of the gel. 

With the recent renewed interest in crosslinking processes in polymers, due 
to the availability of high energy radiation sources, Equation (3) has been 
rederived by Baskett!*, and an approximate version also has been given bv 
Charlesby”. Equations (1) and (2) or their approximate version Equation (3) 
indicate how the primary molecular weight distribution, characterized by wy, 
can be obtained from a knowledge of the dependence of the sol-gel ratio on the 
fraction of the units crosslinked'*. Flory'® has also shown that for low values of 
p: the fraction of the units in the sol that are crosslinked p’ 


= pW, (4) 
while p, the fraction of the units in the gel that are crosslinked, can be expressed 
approximately as 


p = pe(l + W,) (5) 


In order to apply these considerations to situations where chain scission 
processes occur concurrently with crosslinking, as often happens when the 
sample is exposed to high energy radiation, it is only necessary to specify the 
change that occurs in w, as a consequence of the degradation process. For 
many types of initial distribution the new distribution that results from the 
random fraction of a given number of bonds can be computed”. If the above 
conditions prevail and the number of fractures is proportional to the radiation 
dose, the distribution consistent with a given radiation dose, in the absence of 
crosslinking, can be specified. Similarly if p; is also proportional to the radia- 
tion dose, the fraction sol can be expressed in terms of the radiation dose and 
the two above-mentioned proportionality factors. Charlesby”® has considered 
in detail the situation where a polymer subject to high energy irradiation initi- 
ally possesses a ‘‘most probable’ molecular weight distribution, and the number 
of crosslinks introduced and the number of bonds broken are each proportional 
to the radiation dose. He found that the manner in which W, varies with 
radiation dose will depend very markedly on the ratio of the number of bonds 
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broken to the number of crosslinks formed per unit dose. The limiting value 
of W, at high radiation dose reflects the magnitude of this ratio for this type of 
initial molecular weight distribution. Qualitatively similar results should be 
expected for other types of initial molecular weight distributions. 

In the present work very lightly crosslinked chains in either the disoriented 
or racked condition were further crosslinked by the action of y-rays. To study 
adequately and compare the properties of the resulting networks, it is required 
that the fraction of the units in the gel that are crosslinked p be specified. This 
quantity, for the networks formed from disoriented chains, can be obtained in a 
relatively simple manner from the equilibrium swelling ratio in a suitably chosen 
solvent by use of the conventional swelling equations’. Unfortunately this 
procedure is not directly applicable to networks formed from highly oriented 
chains (see discussion of swelling below) since the appropriate swelling equation 
contains a parameter which depends on the disposition of the chains prior to 
crosslinking and this parameter has not as yet been susceptible to calculation. 

In order to circumvent this difficulty, advantage can be taken of the fact 
that in a series of experiments it was found that for both the disoriented chains 
and the racked chains the limiting value of W, ranges between 0.015 to 0.020. 
Thus following Charlesby’s analysis we can conclude that the ratio of the num- 
ber of bonds broken to the number of crosslinks formed per unit radiation dose is 
the same in the two cases and that the crosslinking process is by far the pre- 
dominant effect. Since both types of chains possess the same initial molecular 
weight distribution, the variation of W, with radiation dose should be identical 
in the two cases provided only that the same proportionality exists between 
p: and radiation dose. If, however, the above-mentioned proportionality is 
different in the two cases, then the fraction of sol will not be the same at a given 
radiation dose. From any observed differences that may occur in the fraction 
of sol, the relative amounts of crosslinking in the two cases can be deduced. 
Since for the network formed from random chains an absolute value of p can 
be obtained from swelling equilibrium and p; obtained by application of 
Equation (5), knowledge of the relative efficiency of crosslinking will enable 
p: to be determined from the network formed from ordered chains. 

To evaluate the relative efficiencies of the crosslinking process, the fraction 
sol of each type of network was determined at various radiation dosages so 
chosen that W, ranged from 0.65 to 0.20. The results of these experiments are 
illustrated in Figure 1, where the sol fraction is plotted against radiation dose, 
the dosage being expressed in terms of the equivalent time of exposure. The 
solid curve is drawn through the experimentally observed points representing 
the results for crosslinking chains in the highly oriented state, while the open 
circles represent the fraction sol obtained when the random chains were cross- 
linked. Under corresponding conditions the fraction sol obtained from the 
oriented chains is always less than when the chains are arranged at random. 
Since chain scission processes are small and in the same proportion to cross- 
linking in both cases the plot in Figure | indicates that for any given radiation 
dose crosslinking is more effective in the racked system. The dashed curve in 
this plot is obtained from the solid curve by multiplying the abscissa corre- 
sponding to a given W, by a factor of two. The dotted curve adequately repre- 
sents the data for the networks formed from the collection of randomly coiled 
chains. It can thus be concluded that the crosslinking of the racked chains is 
about twice as efficient as the crosslinking of the chains in the disordered state. 

The above analysis is probably an underestimate of the relative crosslinking 
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efficiencies of the two cases simce in highly oriented systems a greater proportion 
of crosslinks will be between adjacent chains already crosslinked and part of the 
gel. Crosslinks of this type will not be effective in causing additional molecules 
to become part of the gel and can be considered to be wasted crosslinks. This 
effect should become more pronounced at low fraction of sol and should not 
seriously affect the above analysis which is limited to higher sol concentrations. 
The reasons for the large differences in the relative efficiencies of crosslinking in 
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Fie. 1.—Fraction of sol, Ws, versus equivalent irradiation 
time, ¢: racked rubber, @; amorphous rubber, O. 


the two cases is not readily understood, nor is it clear as to whether it is due to 
the crystallization, the orientation or a combination of both. Though these 
observations are of significance in themselves, the problem has not as yet been 
investigated any further since it is not pertinent to the present investigation. 
Swelling behavior.—The theoretical relation derived by Flory*® which de- 
scribes the swelling equilibrium of a polymer network can be expressed as 


[Vip/OMo IL <a> — v2/2] = — [In(1 — v2) + v2 + xiv2? (6) 


where v2 is the volume fraction of polymer in the swollen gel, i.e., the reciprocal 
of the equilibrium swelling ratio Q,, Vi and 6 are the molar volume of the 
swelling liquid and specific volume of the polymer, respectively, Mo is the 
molecular weight of the chain repeating unit, x; is the thermodynamic inter- 
action parameter? and <a>» is a parameter which is dependent on the dis- 
position of the polymer chains relative to one another prior to the random 
introduction of crosslinks. 

In considering the properties of a network, where the stipulation is not made 
that the chains be randomly disposed relative to one another prior to crosslink- 
ing, a reference state of the isotropic (zero force) network’ is taken as that where 
the mean square components of the chain vectors are equal to each other and 
consequently equal to one third the mean square end-to-end distance of the 
unconstrained or free chain ro?/3. Limiting considerations to networks formed 
at constant temperature and in the absence of diluent the mean square end-to- 
end distance of the chains for the isotropic network will depend on the relative 
disposition of the chains prior to network formation. If the mean square end- 
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to-end distance of the chains in the network in the isotropic state at the same 
volume of the reference state is r7, then the quantity <a>» is defined’ as 
(r?/ro?)' and measures the geometric mean of the linear dilation of the network 
relative to the reference state. For networks formed from chains randomly 
arranged r,’ will be equal to ro? and <a>po will obviously be equal to unity. 
However, for networks formed from oriented chains the value of <a>» will 
depend on the details of chain dimensions and arrangements prior to crosslink- 
ing. For highly oriented chain <a >> has as yet not been susceptible to direct 
calculation but generally can be expected to differ from unity’. 

When <a>> is equal to unity Equation (6) reduces to the conventional or 
more usual equilibrium swelling relation. The resulting equation then can be 
used to calculate p for the case of the random crosslinking of random chains as 
long as x; can be specified. However, for a network formed by the crosslinking 
of oriented chains, <a>» will differ from unity by an unspecified amount. 
Hence in this case p cannot be determined soley from equilibrium swelling 
measurements. It is this consequence of Equation (6) which necessitates the 
adoption of the following procedure in order to determine p for this type net- 
work. 

It may be recalled that each tube that was irradiated consisted of alternate 
layers of amorphous unoriented rubber and of racked rubber, and each sample 
could be characterized by an equivalent radiation time. For the initially 
amorphous samples in each tube the value of p; could be determined from the 
fraction gel and the swelling equilibrium of the gel portion in benzene by use 
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Fig. 2.—Swelling ratio, O~, versus fraction of units crosslinked, p. Solid lines are theoretical curves 
calculated from Equation (t; for indicated values of <a >o. Experimental results for networks formed 
from oriented chains designated by @. 


of Equation (6), (<a>o = 1) employing Gee's value of 0.395 for x1. Though 
for this type of rubber p; increased monotonically with the equivalent radiation 
time an exact direct proportionality between the two quantities was not ob- 
served. The value of p for an oriented system irradiated for a given equivalent 
time was obtained by first considering the appropriate value for an amorphous 
system under the same condition of irradiation. This latter quantity could be 
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deduced easily by interpolation from the observed results for the amorphous 
system. The value appropriate to an oriented system at the same equivalent 
time is obtained when the relative efficiency of crosslinking of the two types of 
systems is accounted for. This is accomplished when the value of p; for the 
amorphous polymer is multiplied by a factor of two. The procedure just out- 
lined was used to determine p; for the oriented systems. The value of p for the 
network formed from the oriented chains is then obtained by using Equation (5). 

The solid circles plotted in Figure 2 are the experimental results obtained for 
the equilibrium swelling ratios of the networks obtained from the highly 
oriented specimens. A large range in crosslinking density is covered by these 
experiments with a maximum of 3% of the units being involved in crosslinkages. 
The plotted points delineate a curve indicated by the dashed curve in the figure. 
The shape of this curve over the complete crosslinking range is such that it can- 
not be exactly described by Equation (6) with a fixed though arbitrary value of 
<a>po. This can be seen by comparing the plotted points with the two solid 
curves in the plot which were calculated from Equation (6) for values of 
<a>o = 1.0 and <a> o = 0.8, respectively. The deviations from the the- 
oretical relation are beyond the experimental errors, and if Equation (6) is to 
apply, <a>» must vary with p. This possibility already has been considered 
by Flory’ in his original consideration of the problem. In order to satisfy the 
experimental results for this case, <a> o would have to vary from 0.75 to 1.0 
over the crosslinking range. 

An exact quantitative comparison between theory and experiment is obvi- 
ously very difficult to make because of the inherent difficulty of specifying 
<a>p and its variation with p. However, the results of these experiments as 
illustrated in Figure 2 indicate that the amount of liquid that a network will 
imbibe at equilibrium will depend markedly on the arrangement of the chains 
prior to network formation. This can be seen by comparing the theoretical 
curve representing the swelling equilibrium of networks formed from random 
chains with the experimental results for the networks formed from order chains. 
This fact confirms one of the major conclusions drawn from the theoretical con- 
siderations which resulted in Equation (6). As a consequence of this fact 
appreciable error would result if the conventional swelling relation (<a>o = 
1) were used to determine p when a different value of <a> o were appropriate. 
Thus for a network characterized by a value of <a>o = 0.8 errors of the order 
of 30 to 50% could be expected if the aforementioned procedure were adopted. 

Isotropic length—An interesting property of a polymer network which here- 
tofore has received relatively slight consideration is its isotropic length. The 
isotropic length L; is defined as the length of the amorphous network in the 
absence of any external force. From theoretical considerations Flory*® con- 
cluded that the manner in which ZL; will depend on the fraction of the units 
crosslinked will be largely influenced by the arrangement of the chains prior to 
the introduction of crosslinks. He derived the relation that 


Li = (v/o’) (re2/3)! <a>o (7) 


where vy is the number of chains in the network and o’ to a good approximation 
can be identified with the number of chain vectors passing through a plane 
transv.rse to the axis of the sample, it being assumed that the value of a’ at the 
time of network formation and in the isotropic state are identical. 

If a collection of chains in the randomly coiled configuration are crosslinked 
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then, as defined above, the resultant network will be in the isotropic state re- 
gardless of the number of crosslinks introduced. The length of the network 
would then be L;, and except for a very small variation due to the density change 
that accompanies the actual crosslinking process, would be independent of v. 
The fact that a Gaussian distribution of chain end-to-end distances is main- 
tained prior to and subsequent to the random crosslinking process requires that 
this condition be fulfilled. This fact is easily verified experimentally. Since 
ro? will vary inversely as vy, it can be concluded*® from Equation (7) that for a 
network formed in this manner o’ must increase as v?. 

This increase in o’ with crosslinking has been given qualitative explanation® 
by the fact that a plane transverse to the sample axis will be intersected many 
times by the segments of a given randomly coiled chain. Hence when subse- 
quent crosslinks are introduced, not only are more chain vectors added to the 
system but more of the vectors will intersect the plane under consideration with 
the resultant increase in the value of a’. However, if the polymer chains are 
oriented prior to the introduction of crosslinks, the number of segments of a 
given chain which intersect the transverse plane must necessarily decrease. 
Thus if the same number of new chain vectors are introduced as in the previous 
case, the number of these vectors which cross the transverse plane will not be as 
great and consequently a’ will not increase as rapidly with the crosslinking 
density. In the extreme case of perfect axial orientation o’ will be equal to the 
number of polymer molecules in a cross section and obviously will then be inde- 
pendent of the amount of crosslinking. Since ro? will vary inversely as o’ we 
conclude from Equation (7) that for this case L; should increase directly as 
vi<a>po. Thus the two extreme cases of chain arrangements prior to network 
formation lead to quite different expectations as to how the isotropic length will 
depend on crosslinking. If perfect axial orientation of a collection of polymer 
molecules could be achieved, it is implied by Equation (7) that the first cross- 
links introduced would cause the isotropic length to shrink to zero. 

Since it is well known that the crosslinking of amorphous unoriented chains 
does not alter the dimensions of a sample, it is of interest to investigate the 
dimensional changes that occur in the isotropic state of a network formed from 
chains which were originally oriented. It has been reported®®?* that when 
stretched natural rubber networks are crosslinked, there is an increase in the 
length of the sample when the stress is removed. These experiments were 
limited, however, to cases where the crosslinks were introduced into deformed 
systems which were still within the Gaussian range. Systematic quantitative 
studies, particularly at high orientations, have not been made to test adequately 
any of the conclusions that can be drawn from Equation (7). The high orienta- 
tion possessed by racked rubber and the ease with which it can be quantita- 
tively crosslinked make it a suitable polymeric system with which to study these 
effects. 

A brief report on the change of L,; with crosslinking for racked rubber samples 
already has been given‘, and reference is made to the figure contained in that 
communication. To account for minor variations among the different speci- 
mens the ratio of L; to Lo the length of the retracted but noncrosslinked speci- 
men was considered. This ratio increased by a factor of two and a half over 
the fiftyfold range of crosslinking encompassed by the experiments. When the 
ratio L;/Lo is plotted against p!, as in the figure cited‘, it is found that for values 
of p' greater than 9 X 10-* the data are well represented by a straight line 
whose slope is 15. When this straight line is drawn so as to correspond to 
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lower values of p!, it extrapolates almost exactly to the origin. However, the 
actual experimental results at the lower crosslinking densities show marked 
deviations from the straight line delineated by the data at the higher crosslink- 
ing densities. In fact the ratio L;/Lo approaches unity with an almost horizon- 
tal slope. Thus we observe that the initial introduction of crosslinks causes 
only a slight increase in the isotropic length, but after about 1% of the chain 
units wanes involved in crosslinkages, the isotropic length increases linearly 
with p?. 

In order to consider these experimental results in more detail, it will be con- 
venient to reduce Equation (7) to a form which will be more appropriate for the 
consideration of networks formed from highly oriented chains. If V is the 
volume of the specimen (assumed to be the same in the retracted and the racked 
state) and L, is its length in the racked state, then for perfect axial orientation 
the number of chains which intersect a plane transverse to the axis of the 
specimen can be written as 


a’ = V/(L,a) (8) 
where a is the cross sectional area of a single chain. For a system containing 


No units, y = Nop and since (7)! can be expressed as (ro?/M)!(Mo/p)!, Equa- 
tion (7) becomes 


L;/Lo = ](re?/M)*} p! (9) 


where N, is Avogadro's number. Thus from Equation (9), an estimate can be 
made of the slope to be expected from the linear plot of L;/Lo against p!. 


The two molecular quantities, re?/M and a, which are needed to evaluate 


this slope, are available as a result of the intensive investigations of the proper- 
ties of natural rubber. From the appropriate dilute solution studies of the 
configurational properties of natural rubber, Wagner and Flory” have con- 
cluded that (ro?/M)* is equal to 0.83 X 10-8 cm. The extensive crystallo- 
graphic studies of Bunn”* have resulted in a detailed analysis of the structure 
and dimensions of the unit cell. From this work the cross sectional area of a 
chain is found to be 27.8 x 10-'*cm*. The specific vulume of amorphous na- 
tural rubber at 25° is 1.10 cm*/g ’, so that the quantity in the braces of Equation 
(9) becomes equal to 0.89. Since in these experiments the ratio of L,/Lo is 
between eleven and twelve, and an average value of <a>» can be taken as 0.9, 
a theoretical slope of approximately 10 is predicted from Equation (9). This 
theoretical estimate compares favorably with the value of 15 observed for the 
linear portion of the plot and gives strong substantiation to the theoretical con- 
clusions. The discrepancy between the theoretical and observed slope can be 
attributed in part to uncertainties in the value of a and ro*?/M, approximations 
in the theory and the assumed invariance of a’. 

These results show that a substantial increase in the isotropic length of a 
sample can be accomplished by crosslinking chains in an oriented state. The 
limitation imposed on the number of crosslinks that can be introduced into 
racked rubber without retraction occurring already has been discussed. It 
would appear that if a higher crosslinking density could be accomplished, even 
larger values of the isotropic length would be attained. This phenomenon is 
not limited to natural rubber. It appears to be true for crosslinked (tanned) 
collagen fibers”*, and preliminary experiments from this laboratory indicate 
that similar effects, but of greater magnitude, occur when highly oriented poly- 
ethylene is crosslinked. 
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The density values of the racked rubber specimens and the wide-angle x-ray 
diffraction patterns indicate that though substantial orientation can be achieved 
by the racking process, the samples are not completely crystalline nor is the 
orientation perfect. Thus when crosslinks are initially introduced into the 
system, units of disordered and partially oriented chain units will become cross- 
linked so that a chain direction may reverse itself several times between cross- 
links. This would, of course, result in only a slight increase in L;. However, 
at higher degrees of crosslinking, because of the fact that a substantial amount 
of chain orientation is present, this reversal of chain directions should be de- 
creased. Henve, the number of chain vectors intersecting a given transverse 
plane should tend to remain constant and one would expect the dependence of 
L, on p' that is oucerved. The fact that this straight line extrapolates to the 
origin would appear to indicate that these conditions hold after about 1% of the 
chain units are crosslinked. 

Isotropic melting temperature—When a homopolymer of sufficiently regular 
structure as natural rubber is brought to an appropriate temperature, crystal- 
lization will ensue without the application of any external stress. X-ray diffrac- 
tion studies indicate that when the crystallization is induced solely by cooling, 
the crystallites will be randomly arranged relatively to one another. When 
adequate care is taken during the subsequent fusion process to ensure that 
conditions close to equilibrium are maintained, the melting of a homopolymer is 
very sharp. The melting process under these circumstances can be considered 
to be thermodynamically reversible, and the last traces of crystallinity disap- 
pear at a well defined and reproducible temperature. 

On the other hand, if the crystallites in a polymer system are oriented with- 
out the maintenance of an equilibrium stress, though at a given temperature 
a crystal-to-liquid transformation occurs, this temperature is not necessarily 
one of thermodynamic equilibrium. The nonequilibrium aspects of the fusion 
of oriented systems (when as equilibrium external force is not applied) was first 
discussed with respect to the problem of melting of stark rubber and more 
recently with regard to the shrinkage of racked rubber* and the hydrothermal 
shrinkage of native collagen*®. Though there are restrictions as to when 
equilibrium considerations can be applied to the fusion of polymers, it is a 
legitimate procedure to employ when the crystallization is induced from the 
melt solely by cooling. It is thus a matter of interest to see how the melting 
temperature of a network crystallized solely by cooling will depend on the mode 
of network formation and the concentration of crosslinkages. 

As a consequence of the heating rate employed, T,, for the noncrosslinked 
rubber was found to be between 9 and 10°, which is appreciably lower than the 
expected equilibrium melting temperature of 28-30°'*. The experimentally 
observed melting temperatures of the two different types of networks are 
illustrated in Figure 3. The upper curve in this plot represents the results for 
the networks formed from originally oriented chains while the lower curve is for 
the usual type of network. For both types of networks an appreciable depres- 
sion of the melting point occurs as the fraction of units crosslinked is increased. 
This effect is similar in magnitude to that which has been reported previously™ 
for the melting of natural rubber networks formed from unoriented chains by 
chemical methods. For the latter cases the melting temperatures were deter- 
mined under conditions which should yield the equilibrium melting tempera- 
tures. This unexpected result appears to be due solely to the introduction of 
crosslinks and is independent of the mode of crosslinking. Despite this fact, 
the data clearly indicate that at all levels of crosslinking the values of 7,‘ for 
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the usual type of network is less than the corresponding value for networks 
formed from oriented chains. These differences range from 1-3° at the smaller 
values of crosslinking to 9-10° when p equal to 15 x 10~* and appear to be 
diverging further at still higher levels of crosslinking. It is significant to note 
that for the usual type networks having crosslinking values in the range of p 
equal to 2-3 X 107°, no crystallization is detected when these samples are held 
at —36° for an extended period of time while crystallization ensues relatively 
rapidly for comparable networks formed from oriented chains. Thus we con- 
clude that the value of 7,,,' depends not only on the fraction of the units cross- 
linked but also in a significant manner on the arrangement of the chains prior 
to network formation. 

For a network formed from chain units randomly arranged, it might be sup- 
posed that the units involved in the crosslinkages will not participate in the 


Tn, 


30 
p X 10° 
Fie. 3.—Isotropic melting temperature, 7m, versus fraction of units crosslinked, p: results for networks 
2 formed from random chains, J; results for networks formed from oriented chains, 
: crystallization. The melting temperature would then be expected to be de- 
4 pressed in a manner similar to that which occurs on the random introduction 
. of noncrystallizing copolymeric units to a homopolymer. If this fact were the 


sole consideration, then for the usual range of crosslinking encountered, melting 
temperature depressions of only two or three degrees would be expected®™, 
The experimental results indicate that this is obviously not the case. Though 
the rather large melting point depression observed on crosslinking has not as 
yet received a quantitative theoretical explanation, a qualitative hypothesis 
can be advanced. The relations derived for the melting temperature of random 
copolymers are based in part on the assumption that since the polymer chains 
are not tied together in any permanent manner, there are no restrictions ap- 
plied to the lateral growth of the crystallites which are formed**-*", Under 
equilibrium conditions the longitudinal size of the crystallites would be re- 
stricted, however, by the requirements of the copolymer composition. In a net- 


| 
| 
i 
“4 0 
j 
4! 00 { 
0 
—10}. 
15 
4 


ORIENTED CHAINS OF NATURAL RUBBER 483 


work, however, the points of crosslinkage will not only restrict the longitudinal 
growth, but since portions of chains are permanently tied together unrestricted 
lateral growth of a crystallite cannot occur. This would appear to be the major 
difference between the equilibrium crystallization and melting of a network and 
a random copolymer. For the same composition of extraneous ingredients, 
i.e., crosslinkages or noncrystallizing copolymeric units, crystallites in a net- 
work would be expected to melt at a lower temperature than the corresponding 
copolymer under equilibrium conditions. The melting point depression would 
then depend primarily on the fraction of the units crosslinked and only ‘to a 
lesser extent on the nature of the crosslinking process. This effect should be 
solely the result of the introduction of crosslinks and should not depend on the 
relative disposition of the chains prior to crosslinking. 

When polymer molecules in the random state are crosslinked no change 
occurs in the configurational entropy of the individual chains since the units 
which are paired together are selected at random. Thus the contribution of the 
configurational entropy in the liquid state to the total entropy of fusion will 
remain unaltered. However, as Flory*® has pointed out, the situation is quite 
different when axially oriented chains are crosslinked. In this case a crosslink 
must join two adjacent molecules together. Thus if a unit of a given molecule 
is to be crosslinked to another unit, this latter unit must be in an adjacent 
position on a neighboring molecule. Even though the crosslinks are distrib- 
uted at random in space, the crosslinking process does not involve the random 
selection of pairs of units. The specification of adjacent units of neighboring 
molecules imposes an order on the system, which will persist in the liquid state 
because of the permanence of the crosslinks. The configurational entropy of 
the chains in the liquid state is decreased by this process, and the entropy of 
fusion will be altered in a corresponding manner. The melting temperature of 
this type network would then be expected to be larger than that for the non- 
crosslinked system from which it is formed and also should be greater than the 
corresponding network formed from random chains. However, this expected 
increase in 7',,' on crosslinking oriented chains may be offset by the noncon- 
figurational effects of the crosslinks which cause a major depression of the melt- 
ing point. These considerations are in accord with the observed values of 
Tm‘ for both types of networks. 

An exact quantitative comparison between experiment and theory must 
await a more detailed explanation of the large melting point depression caused 
by the crosslinking of the random chains as well as the determination of melt- 
ing temperatures under conditions more closely approaching those of equilib- 
brium. Preliminary calculations utilizing the data of Figure 3 indicate very 
good accord between the difference in melting temperature of the two types of 
networks and the theoretical equations’. 


SUMMARY 


Highly oriented natural rubber samples prepared by a modification of the 
racking process described by Feuchter were crosslinked by means of y-radiation. 
Some of the physical properties of the networks prepared in this manner were 
studied and compared with networks formed from chains which were randomly 
arranged prior to the introduction of the crosslinks. In accord with the the- 
oretical considerations of Flory it was found that the swelling behavior, iso- 
tropic length, and isotropic melting temperature of the networks depend not 
only on the fraction of units crosslinked but also very markedly on the arrange- 
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ment of the chains prior to network formation. It also was observed that the 
crystalline oriented racked rubber was crosslinked twice as effectively by y-radi- 
ation as was the amorphous rubber. 
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THERMODYNAMICS OF SHRINKAGE OF 
FIBROUS (RACKED) RUBBER * 


J. F. M. Orn P. J. Fiory 


DepartTMENT oF Cuemistry, Cornett University, IrHaca, New York 


Highly oriented, crystalline fibrous proteins display marked contractions 
when subjected to conditions which induce melting. The dimensional change 
is particularly striking in the case of native collagen fibers which melt with re- 
duction in length by a factor of about one-fifth. Moreover, the transformation 
is macroscopically discontinuous, a partially shrunken fiber comprising two 
distinct regions meeting at a rather well-defined boundary transverse to the 
fiber axis'. One of these regions consists of native fiber, highly birefringent and 
relatively inextensible under tension ; the other region is completely amorphous, 
nonbirefringent (nearly) and rubberlike. The latter zone is most easily dis- 
tinguished by its greater width. 

In connection with a current series of investigations on the shrinkage and 
elastic deformation of collagen and related fibrous proteins!:?, it seemed desirable 
to prepare a model system from a random-coiling, long-chain polymer capable 
of crystallizing when stretched. Inasmuch as collagen becomes rubberlike upon 
shrinking and natural rubber can be rendered fibrous by severe stretching 
(racking), natural rubber seemed an appropriate choice. Preliminary samples 
of racked rubber made available to us by Roberts and Mandelkern** of the 
Bureau of Standards revealed a capacity for shrinkage upon heating which is 
similar in all respects to the shrinkage of collagen, except that a swelling agent 
(e.g., water in the case of collagen) is not required. Upon heating above the 
shrinkage temperature (ca. 35° in the absence of tension) nodular regions of 
amorphous rubber appear between adjoining untransformed zones of racked 
rubber; the transformation at a given temperature can be arrested by applica- 
tion of tension. The introduction of crosslinks by y-radiation in the racked 
state® serves to suppress plastic flow upon melting, as is essential for establish- 
ment of states of equilibrium. Crosslinking in this manner is analogous to 
“tanning” of native collagen fibers, which likewise introduces crosslinks in the 
highly oriented state. 

If we regard the coexisting “racked"’ and amorphous zuues as phases, then 
the tensile force f., required to maintain equilibrium between these phases must 
be related to the temperature according to the analog of the Clapeyron equa- 
tion®* 


(Afeq/8T) p = — AS/AL (1) 


where AS and AL are the latent changes in entropy and length associated with 


* Reprinted from the Journal of the American Chemical Society, Vol. 80, No. 6. pages 1297-1304, 1958. 
The present address of J. F. M. Oth is Laboratoire de Chimie-Physique, Université de Liége, Liége, Belgium 
and of P. J. Flory is Mellon Institute, Pittsburgh, Pa. 
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the transformation of the fiber under the conditions specified by T and P. 
Since at equilibrium between the phases 


AH — TAS —fAL =0 (2) 


it follows that Equation (1) may be replaced by 


[9 (fea/T)/A(1/T)]p = AH/AL (3) 


where AH is the latent enthalpy change. Thus, determination of f., as a func- 
tion of T offers a means for evaluating AH. 

The investigation herein reported was concerned with processes of dimen- 
sional change in natural rubber samples crosslinked by exposure in the racked 
state to y-radiation. The relationship of stress to strain is examined for both 
the racked and the totally amorphous (shrunken) states. Principal attention, 
however, focuses on the equilibrium between coexisting racked and amorphous 
portions of the sample in the partially shrunken state. A method is described 
for determining the force f.. required for equilibrium between these phases, and 
the thermodynamic relation expressed in alternative forms by Equations (1) and 
(3) is applied to samples of racked rubber crosslinked to different extents as de- 
scribed in the preceding paper’. 


EXPERIMENTAL 


Samples.—Natural rubber specimens prepared from cast latex films were 
supplied by Roberts and Mandelkern*, whose assistance is gratefully acknowl- 
edged. The procedure used to impart high orientation (i.e., racking) is de- 
scribed in the preceding paper®. A high degree of orientation was indicated both 
by the X-ray diffraction pattern and by the approximately elevenfold shrinkage 
in length upon melting the crystalline racked sample by warming. 

Crosslinking was carried out in the racked state by the action of y-radiation, 
as described by Roberts and Mandelkern. Three samples were irradiated for 
the same time (600 hours) in vacuo but at different distances from the 50 curie 
Co® source. These are designated b-2, f-1 and ]-1 in decreasing order of cross- 
linking. The range in degree of crosslinking is about twofold (see Table III). 

The cross sections of the amorphous, i.e., shrunken, samples were deter- 
mined under a microscope equipped with a micrometer eyepiece. The cross 
section in conjunction with the length (under zero force) between the clamps 
yielded the sample volume. Lengths of the racked samples were 5 to 10 cm; 
the lengths of the amorphous (shrunken) samples under no force were 1 to 2 
em. Cross sections in the amorphous state were ca. 7 X 10~* cm’. 

Determination of densities and degrees of crystallinity —The densities of 
samples in the racked and in the amorphous states were determined by compar- 
ing the weight in vacuo and in methanol at 25°. The quartz spring used for the 
weighings had a sensitivity of ca. 0.6 mm/mg; the length of the spring was 
measured with a cathetometer to an accuracy of 5 X 10-* mm, corresponding 
to 10-? mg. Using samples of ca. 15 mg, the densities could be determined 
with an accuracy of ca. +0.0005 g ec. Vacuum was applied for the purpose 
of eliminating gas bubbles from the surface of the sample immersed in methanol 
prior to weighing. 

The densities of the three samples investigated are recorded in Table I. 
The close agreement between the densities of these samples in the racked state, 
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as well as in the amorphous state, is not unexpected inasmuch as the same rack- 
ing procedure was applied te each. The x-ray density of crystalline rubber 
according to Bunn’ is 1.009 (+0.010) g cc~' at 25°. Assuming that the density 
increases linearly with the degree of crystallinity, we obtain the results given 
in the last row of Table I. The values found for the per cent crystallinity are 


Tasie 
SampLe Densities (G Cc™! at 25°) AND DEGREE OF CRYSTALLINITY 
b-2 f-1 l-1 Av. 


Amorphous density 0.9100 0.9102 0.911 0.910 
Racked density 0.9346 0.9342 0.934 0.934 
% Crystalline 25 24 24 24+2 


somewhat lower than the 35 per cent figure obtained by Roberts and Mandelkern® 
for racked samples prior to crosslinking. The difference, if real, suggests a 
decrease in crystallinity during the crosslinking process. 

Tension Measurements.—A diagram of the dynamometer is shown in Figure 
1. The crystalline, racked sample, 5 to 10 cm in length and ca. 2 X 10~* em? in 
cross section, is supended between two small metal clamps, C; and Cy. The 
vertical position of the lower clamp C, is fixed by attachment to the base B 
fitting inside the inner Pyrex tube J; and suspended from the main column A of 
the apparatus by two small stainless-steel rods as shown. The upper clamp C2 
is attached to the lower end of a 1.0 mm nichrome rod, its upper end connecting 
with a strain gage G. The inner Pyrex tube is filled with sufficient water to 
surround sample and clamps. Pure nitrogen is bubbled very slowly through 
the water in order to suppress oxidation of the sample. The temperature of the 
sample and suspension system is controlled by circulation of water from a 
thermostat through the outer jacket Jz as shown. 

The strain gage is attached to a brass block which slides on the main 
column, its position being controlled as shown in Figure 1 by the screw S of low 
pitch. The screw is driven by a low-speed, reversible d.c. motor; the length 
may be varied at any constant rate from 0.02 to 0.5em min“. The lower rate, 
corresponding to an extension of 0.1 to 0.2 per cent per min, was used in the ex- 
periments reported here. The strain gage (Statham Instrument Company, 
Transducer Model G-1) has a capacity of 120 g and a linear response of 0.16 
mv per g under an applied e.m.f. of 9 v. The deflection of the strain gage is 
negligible, being only 0.02 mm at full load. The output of the strain gage is 
connected to a Honeywell recorder giving full scale deflection at 10 mv. A 
deflection of 1 mm corresponds to a load of ca. 0.2 g. The instrument was 
calibrated directly by addition of known weights before each run; in experi- 
ments of long duration calibration was repeated in the course of the run, the 
sample being temporarily cooled and the tension relaxed. Stress-strain curves 
were obtained by recording the force while the sample was elongated at the 
aforementioned rate. An electrical pulse at each turn of the screw (S in Figure 
1) was recorded simultaneously with the output of the gage, thus permitting 
determination of the length from the record. Stress-strain curves for both 
crystalline (racked) and amorphous (shrunken) fibers were determined in this 
manner. Upon reversing the motor driving the screw §, the stress-strain curve 
was in each case found to deviate inappreciably from the curve established 
during elongation. Hysteresis is therefore negligible over the range of elonga- 
tion examined (7% for racked samples, 150% for amorphous). 
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RESULTS 


Dependence of length of racked samples on temperature and force.—The relation 
of stress to strain was determined for limited extensions of the samples in the 
comparatively inextensible racked state for several temperatures from 0 to 30° 
but not exceeding the shrinkage temperatures (ca. 35°, see below). Results 
are shown in Figure 2 for sample f-1 at several temperatures. It will be ob- 
served that the length L’ for zero force, established by extrapolation, decreases 
by several per cent with rise in temperature. Simultaneously, the initial modu- 
lus decreases from 1.7 X 10° dynes cm™ at 0° to 0.4 X 10° dynes cm at 30°. 
The modulus of elasticity of native collagen in water at room temperature is 
approximately an order of magnitude greater, i.e., ca. 1 to 3 X 10° dynes em~. 
The difference may be indicative of a considerably higher percentage of crystal- 
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Fie. 1.—The dynamometer. 


linity in collagen. Both changes are doutless due to a slight decrease in the 
degree of crystallinity (i.e., partial melting) as the shrinkage temperature 7,‘ 
(see below) is approached. Up to 30° the changes with temperature are es- 
sentially reversible. 

Values of L*, established as in Figure 2 for temperatures below 35°, are 
plotted against the temperature in the upper portion of Figure 3. Irreversible 
shrinkage occurs at 35° (7,*) and above. The lower points represent lengths 
of the fully shrunken (amorphous) samples, those below 35° having been ob- 
tained by shrinking above 35° and then lowering the temperature. 

Shrinkage temperatures.—Upon raising the temperature shrinkage occurs 
abruptly at a temperature easily defined within narrow limits under given condi- 
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Fie. 3.—Length under zero force for sample f-1 plotted against temperature. 
Results obtained by extrapolation to f = 0. 


tions. Shrinkage temperatures 7,‘ under no force were determined by heating 
at a rate of 2°/hour, the temperature at which an amorphous “bulb” substan- 
tially larger in cross section than the semicrystalline sample made its appearance 
being taken as 7,'. The results were reproducible within +1°. They are 


recorded in the second column of Table IV for comparison with the equilibrium 
melting temperatures 7',,', determined in the manner described below, for a 
tensile force f of zero. 


1 
2.0 2.5 3.0 
Length L* in cm. 


Fic. 4.—Force-length curve for sample f-1 in the amorphous state at 35°. 
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As is evident from Figure 3, sample f-1 shrinks to about one fourth of its 
initial length. Similar shrinkages are exhibited by the other samples according 
to results presented in Table III. The degree of shrinkage approximates that 
exhibited by tendon collagen. Noncrosslinked samples of racked rubber shrink 
by a much larger factor of about eleven‘. The degree of shrinkage diminishes 
with the degree of crosslinking in the manner required by theory®, as was shown 
previously. 

The transformation of these racked rubber samples upon heating bears a 
striking resemblance to the familiar shrinkage of collagen and other fibrous 
proteins including keratin, epidermin, myosin and fibrin. The phenomenon of 
thermal shrinkage of proteins, or supercontraction as it has sometimes been 
called, appears to be characteristic of the melting of crystalline polymers having 
high axial orientation. Melting and simultaneous shrinkage is sometimes fol- 
lowed (upon cooling) by recrystallization to the same or to a different crystalline 
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& 
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Fie. 5.—Stress-strain relation for sample f-1 at 35° plotted according to Equation (4). 


form. The native a-crystalline proteins, for example, may be converted to the 
8-form in the retracted state. There appears to be no justification for the as- 
sumption, often implied, that the subsequently formed crystalline state con- 
duces the shrinkage. Rather, melting of the initial anisotropic state is essential, 
subsequent recrystallization being only incidental. 

Most important is the fact established by these experiments, that the phe- 
nomenon of shrinkage is by no means restricted to polypeptides or other specific 
polymeric structures. It may be presumed to occur in any suitably oriented 
crystalline polymer comprising long molecular chains. 

The stress-strain relation for amorphous samples.—The curve relating force 
to length for sample f-1 at 35° is shown in Figure 4. Points obtained during 
retraction are virtually coincident with those for extension and therefore are 
not distinguished on the graph. In Figure 5 the stress 7 referred to the amor- 
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phous cross section in the undeformed state is plotted according to the equa- 
tion of state given by rubber elasticity theory® 


7/T = (Rp <a>0?/M) (a — 1/a*) (4) 


where p is the effective fraction of isoprene units which are crosslinked, Mo is 
the molecular weight of an isoprene unit, 0 is the specific volume, R is the gas 
constant,a = L/L is the elongation ratio, L? being the “isotropic’’ length for 
f = 0 in the amorphous state at the temperature 7, and <a>» is the mean 
dilation factor**. The experimental points are well represented, over the 
limited range of extension of concern in the present investigation, by the 
straight line drawn in Figure 5. It has been unnecessary therefore to include 
in the equation of state the additional term in (1 — 1/a*) which ordinarily is 
required*-”, 

From the slope of the line in Figure 5 we deduce the value of the product 
p <a>’ according to Equation (4). Results for the various samples recorded in 
the second column of Table II were obtained in this manner from the observed 
stress-strain relationship. The crosslinking densities p given in the third 
column are based on the radiation dosages and the crosslinking efficiency estab- 


II 


Summary oF Resutts Srress-StrRaAIn MEASUREMENTS 
ON AMORPHOUS SAMPLES 
Sample p <a X10? 


b-2 1.30 
f-1 0.98 
1-1 0.62 


lished by Roberts and Mandelkern*® for racked samples. Values for the dilation 
factor given in column four follow directly from columns two and three. 
These values, deduced from the stress-strain relationship, compare favorably 
with those derived by Roberts and Mandelkern* from swelling measurements. 
Thus, in common with numerous previous observations on systems crosslinked 
in the isotropic state, swelling and elasticity measurements on networks imposed 
on the racked state yield concordant results. 

Equilibrium between racked and amorphous states.—Just as in the case of 
collagen', it is essential to recognize the nonidentity of the shrinkage tempera- 
ture T, with the ‘melting’ temperature T,, at which equilibrium prevails be- 
tween coexisting racked (semicrystalline) and amorphous phases, or regions, at 
given pressure P and tensile force f. When f = 0, we employ the symbols 7,‘ 
and 7',,‘ signifying an isotropic amorphous phase. Also, a subscript “m”’ is 
applied to the equilibrium temperature T occurring in Equations (1)—(3) in con- 
sideration of the fact that 7’, or Tm, is to be regarded as a melting point under 
the tensile force f.,. If the sample is maintained at 7 > T',, a shrunken zone(s) 
appears and, if the force is maintained constant, it spreads throughout the 
length of the fiber. In order to arrest the transformation once it is initiated, 
the force must be increased substantially or the temperature lowered. In order 
to achieve stable coexistence of crystalline and amorphous regions, the tem- 
perature must be lowered 5 to 10° below 7,, the force remaining constant. 
The equilibrium melting temperature T,, is therefore substantially lower than 
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T,, and the difference between them represents the superheating required for 
the formation of a macroscopic amorphous region. 

In the experiments to be described, the following procedure was adopted. 
After mounting the sample in the dynamometer, the clamps are fixed at a 
distance apart somewhat less than the initial sample length L*. The tempera- 
ture is then raised to an arbitrarily chosen temperature T a few degrees above 
the shrinkage temperature 7,‘ for f = 0, and thereafter the temperature is 
maintained constant. Melting proceeds in one or more sections of the sample 
with the development of amorphous zones across the sample section. Inas- 
much as the total length is fixed, the sample exerts a retractive force which in- 
creases as melting progresses. The force approaches a constant value after 
ca. 15 minutes. If the length is now increased slightly, the concomitant in- 
crease in force initially developed is observed to decay toward the former value ; 
the initial decrease in force brought about by a small decrease in length is fol- 
lowed similarly by an increase in force. An example is shown in Figure 6. 


1 


20 40 60 80 
Time in minutes. 


Fie. 6.—Illustrative plot of determination of force. Points at the length 
was increased or decreased are indicated by vertical arrows. 


Evidently, recrystallization or melting at the interface(s) between semi- 
crystalline (racked) and amorphous zone(s) occurs to the extent required for 
re-establishment of phase equilibrium. A too-drastic increase in length cannot, 
however, be accommodated with restoration of the initial equilibrium force. 
In accordance with the observations cited, the equilibrium force f., at a 
given temperature may be bracketed within reasonably narrow limits by manip- 
ulating the length of the partially shrunken sample until the force remains 
constant with time for at least 1 hour. The equilibrium’force is independent of 
the sample length, provided merely that semicrystalline and amorphous regions 
coexist, i.e., the equilibrium force is independent of the amount of each phase. 
Having established f,, at one temperature, additional points (7T'm,f.¢) may 
be determined on the same sample merely by resetting the temperature and, 
preferably, with simultaneous reduction of the length in order to allow advance- 
ment of the amorphous zone(s) to yield fresh interfaces. Once interfacial 
regions have been established through partial transformation of the sample at 
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Taste III 


Puase Data For SAMPLE f-1 


(Dimensions in the isotropic amorphous state: cross section 
= 76.3 (+0.5) X cm?; = 2.078 cm) 


° 


Tm 
(° K) 
303.2 
305.7 


308.2 
310.7 
313.2 


315.7 
318.2 
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Tm > T,', the equilibrium force may be determined at temperatures T,, in the 
range T,,' < < T,'. 

Results obtained in this manner for sample f-1 are presented in columns one 
to three of Table III. Melting and recrystallization processes become very 
slow at the lower temperatures, hence it is more difficult to establish the equilib- 
rium force. The error is therefore greatest at low forces, as is borne out by 
comparison of determination 8 with 6 and of 9 with 3. The results are plotted 
in Figure 7. 

Also included in Table III are the equilibrium stresses 7,, referred to the 


cross section of the amorphous sample (f-1) under a zero force, the lengths L* 
of the racked sample under the forces f given in the third column, and the 
lengths L* in the amorphous state under the forces f., and at the temperatures 
Tm. The former lengths L° have been taken from the 30° curve in Figure 2, 
the relatively small effect of temperature being ignored. The values given for 
L* have been calculated from Equation (4) for the temperatures T = T’,, and 


Temp., °C. 
qT 


tea. X 107% (dynes). 


Temp., °K. 
Fie. 7.—Force for phase equilibrium for sample f-1 plotted against the absolute temperature. 
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stresses T.oq. The differences -AL = L* — L* are recorded in the next to the 
last column of Table III. 

The isotropic melting point 7,‘ of sample f-1, obtained by extrapolation to 
feq = 0 in Figure 7, is 302° K. Results for the various samples are given in 
Table IV. Owing to the previously mentioned difficulty of establishing equilib- 
rium at low forces, the values of 7,‘ are subject to an error of ca. +2°. An in- 
crease in the melting point with degree of crosslinking is suggested by the re- 
sults. Whereas crosslinking in the isotropic state is known to lower the melting 
point", theoretical considerations® suggest that the melting point should be in- 
creased by crosslinking in the highly ordered state. Roberts and Mandelkern 
in the preceding paper® report consistently higher melting points for samples 
crosslinked in the racked state. Although their melting temperatures, ob- 
tained by comparatively rapid heating of recrystallized samples, are admittedly 
some 20° below the equilibrium values, they have pointed out that, according 
to their Figure 3, our sample 1-1 should melt 7° higher than b-2 under the condi- 
tions employed by them. The difference is identical with that found by us and 
reported in our Table IV. 

Recrystallization Samples removed from the dynamomenter after com- 
plete melting were nonbirefringent when viewed in the polarizing microscope. 
However, after standing several days at 20—-25°, specimens of each sample were 
observed to develop substantial birefringence, the direction of higher refractive 


TaBLe IV 


CoMPARISON OF SHRINKAGE AND EQUILIBRIUM MELTING 
TEMPERATURES AT f = 0 
Sample Tai, °K 
b-2 310 299 


f-1 308 302 
1-1 311 306 


index coinciding with the long axis of the sample. The birefringence vanished 
upon heating above 30°; the exact temperature of disappearance was not ascer- 
tained. Samples of rubber similarly crosslinked (with y-radiation) in the 
amorphous state without stretching offered no evidence of either birefringence 
or depolarization, even after standing many days at 20 to 25°. We interpret the 
spontaneous generation of birefringence in the former samples as clear evidence 
of recrystallization with preferred orientation along the initial axis of elonga- 
tion. Depolarization rather than birefringence should have been observed if 
the latter samples had crystallized ; spontaneous development of birefringence 
could not have been expected from their molecularly isotropic structures. The 
absence of depolarization indicates absence of crystallinity. 

The observations cited require that the melting point of the racked, cross- 
linked samples must exceed 25°, and hence offer partial confirmation for the 
values deduced from the stress studies. They also indicate a latent ‘““memory” 
in the network structures, to the extent that recrystallization restores the 
original preferred axis. Finally, it is noteworthy that recrystallization in these 
samples requires a remarkably small degree of supercooling™. 


DISCUSSION 


By introducing the stress r.q (referred to the amorphous isotropic cross 
section A; = V/L,*) in Equations (1) and (3) and by integrating them in the 
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approximation that AS and AH are constant with temperature, we obtain 


Teq = — (AS/V)LE f (AL)"'dT = (AS/V)L#I (Tn) 
Tm 


Teq/Tm = (AH/V)LS f (AL)“d(1/T) = (6) 
mi 


where AS/V and AH/V represent the entropy and enthalpy changes upon melt- 
ing of 1 cc of the fiber (V being the volume of the sample in the amorphous 
state). The functions /(7,) and J(1/7,) defined by these equations may be 
evaluated by graphical integration employing results such as are given in 
Table III. The latent entropy and enthalpy changes associated with trans- 
formation of the sample from the racked (semicrystalline) to the amorphous 
state may then be computed in accordance with Equations (5) and (6). Under 


(1/T'm) X 10*. 
Fie, 8.—Plots of equilibrium st ding to Equation (6). 


the assumption of constancy of AH and AS with temperature over the small range 
concerned, AH = T’,,‘AS; hence, evaluation of either (7) or J(1/Tm) should 
suffice for the task at hand. The latter procedure, leading directly to AH, is 
presented herein; equivalent results may be deduced by the former procedure 
involving graphical integration according to Equation (5). 

Values of L* J(1/T,,) for sample f-1, established by graphical integration 
of (AL) plotted against 1/7, are given in the last column of Table III. 
These results, together with those similarly obtained for the other two samples, 
are shown in Figure 8 where T.q/7'» is plotted against L J(1/T). The re- 
sults for the three samples, differing in degrees of crosslinking (but not in degree 
of crystallinity), are in close accord. The slope of the straight line drawn 
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through the three sets of points determines AH/V according to Equation (6). 
We thus obtain 


AH/V = 4.10 cal ec 


where V is the volume of the sample in the amorphous state. 

The quantity 7.. denotes the tensile stress required for equilibrium at T,, 
between the adjoining (but macroscopically distinct) zones, which may be re- 
garded as separate phases. The latent changes AH and AS computed above 
represent differences between the enthalpies and entropies for the two zones, 
or phases; that is, they refer to the process 


partially crystalline racked rubber ———> amorphous rubber 


The latent changes may be ascribed entirely to the melting of that fraction 
which is crystalline without commission of appreciable error. To be sure, 
molecular chains in the intervening amorphous matrix are probably in a state 
of strain, but in the very good approximation that amorphous rubber exhibts 
ideal rubber elasticity” (i.e., that (@H/dL)y,r = 0), the associated enthalpy 
change is zero. Hence, we may obtain the latent enthalpy change for the 
hypothetical process 


totally crystalline rubber ———> amorphous rubber 


merely by dividing AH/V given above by the fractional degree of crystallinity, 
which according to data given in Table I is about 0.24 (+0.02). Thus, with 
further introduction of the specific volume, 1.10 ec g 


AH esa) = 18.7 + 2 cal g 


The major source of error in this value arises from the uncertainty in the degree 
of crystallinity, which, in turn, stems from the inaccuracy in the x-ray crystal 
density. 

Under the assumption that 7,‘ represents the melting temperature of 
crystalline rubber when subject to no elastic deformation, the latent entropy 
for the latter hypothetical process may be obtained merely by dividing AH;-4.) 
by Tn‘. We thus find 


am = 302° K 
AH, = 1280 + 150 cal per mole of C;Hs 
AS, = 4.2 + 0.4 cal deg per mole CsHs 


These results compare favorably with those previously obtained by Roberts 
and Mandelkern® from the depression of the melting point of vulcanized rubber 
by diluents, namely 


Tn’ = 301° K 


AH, = 1040 + 60 cal mole 
AS, = 3.5 + 0.2 cal deg mole 


We conclude that the transformation of highly orientated racked rubber, 
crosslinked by y-radiation, to the amorphous state can be satisfactorily treated 
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as a phase change. In particular, the dependence of the equilibrium stress on 
the temperature is in complete accord with the requirement of thermodynamic 
equilibrium between phases. 


SUMMARY 


Highly oriented natural rubber samples of Roberts and Mandelkern, pre- 
pared by racking and subsequently crosslinked using y-radiation, undergo a 
spontaneous shrinkage upon melting which closely resembles the shrinkage of 
collagen. If the transformation is arrested by application of a tensile force, a 
state of equilibrium may be established between two distinct zones, or phases, 
one being totally amorphous (shrunken) and the other unchanged (i.e., racked). 
Determination of the stress 7., required for phase equilibrium at various tem- 
peratures is described. Extrapolation to t.q = 0 gives equilibrium melting 
temperatures T',,', which are about 8° below the temperatures 7',‘ for spontane- 
ous shrinkage. The heat of transformation of racked to amorphous rubber 
calculated from the dependence of t.q on T is 4.5 cal g~'. Since the degree of 
crystallinity is only 0.24, the heat of fusion calculated for 1 g of crystalline 
rubber is ca. 19 cal, which agrees satisfactorily with the value 15.3 cal, deduced 
by Roberts and Mandelkern through use of the melting point depression method. 
The shrinkage of racked rubber displays all of the important features associated 
with the similar contraction of fibrous proteins. 
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MELTING AND GLASS TRANSITIONS 
IN POLYISOBUTYLENE * 
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INTRODUCTION 


The purpose of this work was to investigate the crystallization behavior of 
uncompounded, unstressed polyisobutylene and butyl rubber. Glass transition 
data obtained during the work are also reported. The data were determined 
dilatometrically. The work was prompted by a literature survey! which col- 
lected transition data on elastomers. It was found that crystallization informa- 
tion for polyisobutylene and buty! rubber was based largely on x-ray studies of 
these polymers under high elongation. In fact, it has been assumed generally 
that these polymers would crystallize only when highly oriented, as by stretch- 
ing. Because of the resistance of polyisobutylene to ordering when in the un- 
stressed state, no measurements of optimum crystallization temperature or 
melting temperature, 7,,, have previously been reported. Information of this 
type is important because of its bearing on the mechanical behavior of a poly- 
mer. 

Many types of elastomers will crystallize readily if oriented by a large stress. 
However, only those having relatively simple structures crystallize readily 
under zero stress. Such behavior is, of course, a limiting factor in low-tempera- 
ture serviceability. Polyisobutylene might seem at first to have the required 
simplicity of structure; however, steric hindrance of the side methyl group 
forces the chain to crystallize in a helical configuration having a molecular re- 
peat distance of 18.6 A, as shown by Fuller, Frosch, and Pape*. This is the 
greatest repeat distance of any of the elastomers, suggesting that a lengthy 
exposure period would be required if ordering were to occur at all. A clue to 
ordering in an isobutylene copolymer was furnished by Gehman, Woodford, 
and Wilkinson’, who reported that a butyl tread stock showed a greatly in- 
creased torsional stiffness after storage for about 40 days at —30° C. The 
aged butyl sample exhibited an x-ray diffraction pattern suggestive of crystal- 
lization. These results may be the first showing crystallization in a butyl 
polymer essentially free of stress. In other work, Radi and Britt‘, using 
equilibrium temperature-retraction techniques with samples elongated 300 per 
cent initially, found that two types of butyl polymers showed optimum crystal- 
lization rates at —30° and —41° C. The aggregate of these results suggests 
that crystallization might occur in unstressed polyisobutylene if sufficient time 
were allowed, and indicates an optimum rate in the range of —30° to —40° C. 
This is reasonable by comparison with natural rubber, which has a glass transi- 
tion temperature very close to that of butyl rubber, and an optimum crystalliza- 
tion rate at about — 25°C. 


* An original publication. Presented before the Rubber Division of the American Chemical Society, 


Cincinnati, Ohio, May 14-16, 1958. 
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EXPERIMENTAL 


Dilatometric techniques described by Bekkedahl' were followed in this work. 
The capillary tubing of the dilatometers of about 2 mm inside diameter was of 
the precision-bore type supplied by the Fischer and Porter Company, Hatsboro, 
Pennsylvania. During calibration, the bore volume of this tubing was found 
to be constant within +0.0001 ml/mm over its entire length. This degree of 
precision falls within experimental error and makes it unnecessary to correct 
the volume of the confining fluid for variations in the bore. 

Each raw polymer sample was first pressed into a 6 X 6 X 0.075-inch sheet 
for 15 minutes at 120° to 135° C. This procedure removed nearly all of the air 
and rendered the sample transparent so that any remaining air bubbles could 
easily be excluded. It was necessary to handle the samples as small pieces, 
because the polymers were so tacky that large strips or chunks could not be 
pushed into the dilatometer bulb without entrapping large amounts of air. 
Therefore, the deaerated samples were cut into small cubes and about 5 to 7 
grams were charged into the dilatometer with tweezers. Silicone Oil Type SF 
(81)-40 (General Electric Company) was used as the confining fluid. This oil 
has previously been shown to be suitable for such a purpose®. It has a low 
vapor pressure, low surface tension, and no swelling effect on the polymers as 
determined by a three-month swell test at room temperature. It was deter- 
mined experimentally that the linear expansivity coefficient of this oil is con- 
stant from 25° to —100°C. Each dilatometer was cleared of air under vacuum, 
and was considered to be properly evacuated if the oil meniscus changed no 
more than 1 mm between atmospheric pressure and full vacuum. Meniscus 
and reference heights for the dilatometer were measured with a cathetometer to 
+0.01 cm. 

Long-term exposures at low temperature were carried out in a cold bar pat- 
terned after a device originally described by Mooney and Wolstenholme’. 
This consists of 16 separate cold baths operating between 0° and —60° C, con- 
trolled by the temperature gradient between a water bath at 0° C and a dry-ice 
bath at —72°C. With this cold bar, temperatures were maintained within +1 
degree for months at a time. Temperatures were measured to +0.1° C by 
means of thermocouples. 

Variations in the height of the meniscus were converted to density changes 
foreach sample. The data were corrected for the emergent stem and for volume 
changes in the silicone oil and Pyrex bulb. The emergent stem correction be- 
comes quite significant with silicone oil or other organic fluids that are used in 
low-temperature dilatometry, because their expansivity is often greater than 
that of the sample. It was shown during this work that the usual assumption 
that the temperature inside the entire emergent stem approaches the surround- 
ing air temperature is not strictly correct. Measurements made inside the 
capillary by means of fine thermocouple wires showed that there was a temper- 
ature gradient extending as much as 12 cm above the bath liquid level, even 
though the entire emergent stem was exposed to ambient temperatures. Taking 
this gradient into account, a corrected emergent stem formula was obtained as 
follows: 


Emergent-stem correction = 0.94 K N (Tg — Ta), 
where 


K is the difference between expansivity coefficients of the confining fluid 
and Pyrex glass 
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N is the height of the meniscus above bath level 
T's is bath temperature 
4 is air temperature 


The quantity 0.94 was found to be applicable as an average factor at all bath 
temperatures, to correct for the temperature gradient in the lower part of 
the capillary tubing. 


RESULTS 


Expansivity curves were determined for Vistanex L-100 and L-140 and for 
uncompounded buty! rubbers including Enjay Butyls 035, 150, 215, 217, 218, 
and 325. For these measurements, the samples were cooled from 25° to —95° C 
at the rate of 0.5 degree per minute. The temperature was maintained constant 
at each 5-degree interval for 10 minutes before taking a reading. As expected, 
no evidence of crystallization in any of the polymers was found in these initial 
rapid cooling tests. However, glass-transition temperatures were observed, 
and since it is believed that these have not all been published before, they are 
reported here in Table I. 


Taste I 


GLass-TRANSITION TEMPERATURES OF POLYISOBUTYLENES 
AND Butyt RvuBBERS 


Polymer fe 


Butyl 325 —70 
Butyl 215 5-2: —71 
Butyl] 217 5-2. -—71 
Buty] 218 5-2. -71 
Butyl 150 0-1. —72 
Butyl 035 6-1; —73 
Vistanex L-100 —76 
Vistanex L-140 —76 


The difference in slope of the cooling curve above and below T, is very small 
and a certain amount of subjectivity is involved in determining the breaking 
point. However, it is felt that these values of T, are accurate to within +1 
degree. 

As can be seen in Table I, the 7, values of these polymers are in the same 
range as those of cis-1,4-polyisoprene (natural rubber). It is not certain why 
relatively small amounts of isoprene can increase T, of the copolymer as much 
as 6 degrees. It might be concluded that isoprene enters the copolymer in the 
1,2 configuration since 1,2-polyisoprene could be expected to have a relatively 
high T,. However, ozonolysis studies® indicate only 1,4 polymerization of the 
isoprene in butyl rubber. The change in 7, may imply then that isoprene 
assumes the trans 1,4 configuration in the copolymer, since in this form, in the 
homopolymer, its 7, also is higher than in natural rubber. However, the differ- 
ence in T, between trans-1,4-isoprene and polyisobutylene is probably not enough 
to account for the large effect of the small isoprene content of the butyl rubbers. 
The 7, results were taken from only one set of samples, but the trend of T, with 
the degree of unsaturation seems real. The application of data of this kind to 
aid in the analysis of the structure of a copolymer provides interesting specula- 
tion. 

The first observation of crystallization in polyisobutylene was made on 
samples in the cold bar, as shown in Figure 1. Vistanex L-100 and L-140 began 
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Vistanex L-140 at -36C 


Vistanex L-100 at -42C 


Volume Decrease, per cent 


20 30 40 50 60 
Time, days 


Fie. 1.—Crystallization of polyisobutylene. 


to show a characteristic volume decrease after about 10 days at —42° and 
— 36°, respectively. An approximate degree of crystallinity for Vistanex L-100 
after equilibration at —42° C was calculated from the density of the amorphous 
polymer (0.918 g/cm‘), the density of the partially crystallized material extra- 
polated to 20° C (0.926), and the density of the unit crystal, which, according 
to Bunn’, is 0.96. ‘These data indicate that the polymer was about 20 to 25 
per cent crystalline, which is reasonable by comparison with results for other 
elastomers. 


Measurements of the rate of crystallization of Vistanex L-100 at various 
temperatures are shown in Figure 2. The sample exposed at —55° did not 
crystallize in 18 months. This left only three curves from which the rate could 
be determined. However, the rate data are known to follow what appears to 
be a normal distribution curve, as shown first by Wood" for natural rubber. 
The half-time for crystallization plotted against temperature, as in Figure 3, 


-55C 


a 


Volume Decrease, per cent 


° 
@ 


3% 40 50 60 70 80 90 
Time, days 


Fic. 2.—Volume-time relations during crystallization of polyisobutylene. 


0.2 
Q 
e 
06 
08 
a 
O 
O 
# =42C 
Q 
-335 
10 


TRANSITIONS IN POLYISOBUTYLENE 
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-20 


-40 -30 
Temperature, C 


Fia. 3.—The crystallization rate of polyisobutylene as a function of temperature. 


indicates that the maximum rate of crystal formation occurs near —33° C. 
It is assumed that essentially the same optimum temperature would be found 
for butyl rubber, since the small percentage of unsaturation in butyl should not 
significantly change the effect of temperature on crystallization rate, even 
though it can retard materially the rate of crystal growth. 

The effect of copolymerization in polyisobutylene on the rate of crystal 
growth can be seen by examining the results of attempts to crystallize butyl 
rubbers. Over a period of a year and a half, at temperatures of —20° to —40°, 
only one sample crystallized. This sample was Butyl 035, which contains the 
least unsaturation of ail the butyl polymers. In this material (exposed at an 
average temperature of —25°), evidences of crystallinity first began to appear 
after about 6 months, and the decrease in specific volume then continued to an 
apparent maximum after an additional 6 months. In view of the lengthy test 
period required, it is not surprising that previous efforts to detect crystallization 
in unstressed butyl rubbers have not been successful. 

Melting-point determinations for crystallized samples of Vistanex L-100 
and L-140 were made following the slow melting technique prescribed by Evans, 
Mighton, and Flory". Melting was carried out at an average heating rate of 1 
degree per day, and over the last 5 degrees at 0.5 degree or less per day. The 
temperature was increased only when it appeared that the equilibrium volume 
had been attained at each temperature. Results for Vistanex L-100 are shown 
in Figure 4. A melting temperature of 1.5 + 0.5 degrees was indicated by three 
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Fie. 4.—Melting curve of polyisobutylene. 
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samples of L-100 and one of L-140. Efforts to determine a melting temperature 
using the sample of crystallized Butyl 035 were not successful. The crystallites 
were melted below their equilibrium melting temperature due to an equipment 
failure and could not be induced to reform within a reasonable period at a lower 
temperature. Thus, no confirming melting data were obtained for butyl rub- 
ber. However, the results should serve as a base line in studying the effect of 
stress and of compounding variables on crystallization in butyl polymers. 
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CARBON-BLACK LOADED RUBBER 
VULCANIZATES: VOLUME CHANGES IN STRETCHING* 


L. AND N. R. Tosin 


Brartish Russer Propucers' AssoctaTion, Wetwyn Garpen Crry, 
Herts., ENGLAND 


INTRODUCTION 


Previous measurements! of the volume changes accompanying the extension 
of vulcanized natural rubber have shown that, with compounds completely 
free of mineral fillers and undissolved particles, there is a small increase in 
volume at low extensions. This small expansion results from the hydrostatic 
component of the stretching force and can be readily calculated from the com- 
pressibility of the rubber. At higher extensions, there is a decrease in volume, 
and this has been related to the occurrence of crystallization?**. In vulcani- 
zates containing mineral fillers or solid particles relatively large increases in 
volume, attributed to vacuole formation around filler particles, may also ac- 
company extension, but increases in volume due to this cause are small in vul- 
canizates containing reinforcing carbon black'*. This paper describes an in- 
vestigation into the crystallization in such vulcanizates by measurements of 
volume changes accompanying extension. The results are discussed in the 
light of a simple model recently developed to describe the stress-strain behavior 
of reinforced vulcanizates®. 


EXPERIMENTAL 
Measurements were made on the following three types of vulcanizate: 


(1) Tire tread type vulcanizate (Mixes A & B). 
(2) Accelerated sulfur gum vulcanizate (Mix C). 
(3) Peroxide gum vulcanizate (Mixes D & E). 


The compounding and vulcanizing details are given in the table. 


Mix 
Smoked sheet 
GR-S 


MPC black 

Stearic acid 

Zine oxide 

Sulfur 

Mercaptobenzothiazole 

Pheny!-2-naphthylamine 

Vulcanization i i 45min 30min 30min 


at at at 
140° C 155°C 155°C 


— 


* Reprinted from Transactions of the Institution of the Rubber Indusiry, Vol. 33, No. 1, pages 2-10 (1957). 
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Ring specimens were cut from a single flat sheet of each material with a 
rotary cutter; the rings had an outer diameter of 2 cm, an inner diameter of 1.4 
cm, and were approximately 3 mm thick. 

Volume changes were measured by hydrostatic weighing following the 
method adopted by Gee, Stern, and Treloar'. At low extensions eight rings 
were stretched at a time: this enabled changes in volume of one part in 30,000 
to be determined. At high extensions only two rings were used, to avoid buck- 
ling the stretching frame, but the volume changes to be measured were much 
greater. It was necessary to use a more robust frame than that which was used 
by Gee, Stern and Treloar due to the much greater forces encountered in work- 
ing with carbon loaded vulcanizates. The frame and the device for extending 
the samples are shown diagrammatically in Figure 1. 

The weighings were carried out at 25° C in distilled water to which a little 
detergent had been added to facilitate wetting. The rings and frame were 
weighed under water, first in the unstretched position, and then with the rings 
at a chosen extension, and finally with the rings once more relaxed. This was 
repeated at least six times, and the change in volume then calculated from the 
mean of the difference in weight between the stretched and the unstretched 


Fic. 1.—Sketch of extension apparatus. 


states. At low extensions measurements were made 10 minutes after stretch- 
ing, this being sufficient for thermal equilibrium to be reached. At high exten- 
sion, where crystallization occurred, the weight was measured 20 minutes after 
stretching when the rate of change in volume due to crystallization had become 
negligible. 

The distilled water was contained in a copper vessel with a Perspex front, 
which itself was within a large glass tank of water whose temperature was con- 
trolled by means of a toluene regulator and a 250 watt heater to +0.01° C. 
The temperature inside the copper vessel was read at each weighing with a 
Beckmann thermometer and did not vary more than +0.02° C in the course of 
a set of measurements. Exploratory measurements showed that temperature 
variations of this magnitude were sufficiently small to allow experiments to be 
made with the required accuracy. 

Initial measurements showed that for the first 24 hours there was a continu- 
ous change in weight with time due to slight absorption of water by the rubber, 
and subsequently samples were immersed in water for three days before meas- 
urements were commenced and were kept immersed until all measurements 
were completed. 
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EXPERIMENTAL RESULTS 


Measurements of the fractional change in volume AV/V obtained on the 
natural rubber—MPC black vulcanizate (Mix A) are shown in Figure 2. The 
family of curves gives the change in volume with extension obtained on samples 
without previous extension and after previous entension to 50, 100, 200, 300 and 
400 per cent. A similar series of measurements obtained on the GR-S-MPC 
black vulcanizate (Mix B) is shown in Figure 3, except that with this vulcani- 
zate measurements were not obtained after 400 per cent previous extension as 
samples broke at this extension. 


% Extension 
| 


(a) After 400% previous extension 
(b) After 300% previous extension 
(c) After 200% previous extension 
(d) After 100% previous extension 
(e) After 50% previous extension 


(*) Original extension 


Fie, 2.—Change in volume with extension of natural rubber-MPC black vulcanizate. 


Figures 4 and 5 give families of stress-strain curves obtained on each of these 
vulcanizates without previous extension and after the chosen extensions of 50, 
100, 200, 300 and 400 per cent. 

Measurements on the natural rubber gum vulcanizates (Mixes C and D) are 
given in Figure 6. With the peroxide gum vulcanizate (Mix D) the effect of 
previous extension on the volume change was negligible; in the case of the 
sulfur gum vulcanizate (Mix C) the volume change increased slightly with pre- 
vious extension but the differences in AV/V were less than 10 per cent and are 
not sufficient to show conveniently in the figure. To facilitate comparison 
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% Extension 


Fie. 3. in volume with extension of GR-S-MPC black vulcanizate. (a) After 300 ro, peat 
ous extension. (6) After 200% previous extension. (c) After 100% previous extension. (d) 50% 
previous extension. (*) Original extension. 


Figure 6 also includes two of the family of curves obtained on the natural rubber 
MPC black vulcanizate (Mix A). 

The data obtained on the GR-S gum vulcanizate (Mix E) was very limited, 
the sample breaking before extensions of 200 per cent were reached. The in- 
crease in volume was very similar to that obtained on the natural rubber- 
peroxide gum vulcanizate at comparable extensions. 


o~ 


0 


Extension ratio 
Fie. 4.—Stress-strain curves of natural rubber—MPC black vulcanizate. 
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w 
S 


Stress kg/sq.cm.* 


Extension ratio 
Fie. 5.—Stress-strain curves of GR-S-MPC black vulcanizate. 


% Extension 


Fie. 6.—Change in volume with extension of natural rubber vulcanizates. 
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DISCUSSION 


The results given in Figure 6 of the volume changes of the three natural 
rubber vulcanizates confirm that in all cases (i) there is an increase in volume 
at low extensions, (ii) at higher extensions the volume reaches a maximum and 
thereafter decreases with further extension. 

The results show that the maximum increase in volume occurs at much 
lower extensions with the black than with the gum vulcanizates; previous 
stretching of the black vulcanizates postpones the maximum until higher ex- 
tensions. This maximum and the subsequent decrease in volume result from 
the increase in density due to crystallization, and thus a displacement of the 
maximum is associated with a parallel change in the extension at which erystal- 
lization begins. 

The effect of previous extension on the volume changes of the natural rubber- 
black vulcanizate shown in Figure 2 finds a ready interpretation in terms of a 
simple model which has previously been developed to describe quantitatively 
the stress-strain properties of reinforced vulcanizates. In this model the rub- 
ber is considered to consist of two phases; one is hard and relatively inextensi- 
ble, the other is soft and more of the extension takes place in this phase. The 
hard phase may be broken down by the application of stress. Thus the fraction 
of rubber in each phase depends upon the previous history and the maximum 
stress to which the rubber has been subjected. Ata given overall extension the 
strain existing locally in the soft regions depends upon the fraction of rubber 
which is present in this phase. 

Before the initial extension of a filler reinforced vulcanizate the fraction of 
rubber in the soft phase is small and thus, at least at low extensions, the strain 
in the soft regions is considerably higher than the measured extension. As a 
result crystallization will occur at much lower overall extensions than in a cor- 
responding gum vulcanizate. After a previous high extension the fraction of 
rubber in the soft phase will be greater and at a given overall extension the 
strain in the soft regions reduced proportionately, thus crystallization will not 
occur until a higher overall extension is reached. 

Comparison of Figures 2 and 4 which show the effect of previous extensions 
of the black natural rubber vulcanizate on (a) the decrease in volume due to 
crystallization, and (b) the stress-strain behavior, indicates a strong parallelism 
in the dependence of both of these properties on previous extension. It adds 
confirmation to the hypothesis, which is implicit in the simple model discussed 
above, that both the upturn of the stress-strain curves and the onset of the de- 
crease in volume with extension is due to some of the rubber being extended to 
sufficiently high strains so that (a) the finite extensibility of the chains in the 
molecular network contributes to the stress, and (b) the consequent orientation 
and alignment of the chains results in crystallization. 

To put this description of the observed volume decrease on a quantitative 
basis would demand that allowance be made for the increase in volume due to 
the hydrostatic component of the applied force (including vacuole formation). 
In view of the uncertain approximations involved it is considered that such a 
quantitative treatment of the data is of limited value, and is not included here. 

The behavior of the GR-S-black vulcanizate (Mix B) shown in Figure 3 is 
very different from that of the natural rubber-black vulcanizate. There is no 
evidence of a decrease in volume occurring at high extensions, and thus the 
data confirm that no crystallization occurs during extension. In contrast the 
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stress-strain curves in Figure 5 show similar behavior to that of the natural 
rubber-black vulcanizate. 

Comparison of the curves in Figure 6 which give the increase in volume at 
low extensions with natural rubber peroxide and sulfur gum vulcanizates, con- 
firms the extra increase in volume with the sulfur vulcanizate due to the forma- 
tion of vacuoles around particles of zinc oxide. With the carbon black vul- 
canizate which also contains 5 parts of zine oxide per hundred rubber there is no 
further large increase in volume even though it contains 50 parts of carbon 
black, and it thus appears that there is little or no vacuole formation around the 
carbon black particles. 

The increase in stiffness which results from the incorporation of carbon black 
into rubber vulcanizates has frequently been described in terms of bonds be- 
tween rubber and filler particles acting as additional crosslinks®’. Recently 
attempts have been made to provide a quantitative basis for the stiffness of 
filler reinforced vulcanizates and the softening which results from previous 
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Fre. 7.—Dependence of change in volume with extension 
on degree of crosslinking (Morrell and Stern). 


stretching in terms of the formation and breakdown of these additional cross- 
links. The implications of the measurements described in this paper on such 
theories can now be discussed. 

Morrell and Stern? have examined the effect of degree of crosslinking on the 
volume changes occurring during extension, and have shown that at any given 
extension the volume changes first increase and then decrease with increasing 
degree of crosslinking. Figure 7 gives their results for a range of natural rub- 
ber gum vulcanizates. 

The degree of crosslinking necessary to give a natural rubber gum vulcani- 
zate of similar stiffness at low extensions, to that of the carbon black vulcani- 
zate before previous stretching, would be considerably greater than the most 
highly crosslinked vulcanizate used by Morrell and Stern. This is far beyond 
the maxima of the curves given in Figure 7, and thus, it is to be expected that 
breakdown of crosslinks in such a gum vulcanizate would result in an increase in 
the amount of crystallization at a given extension. The effect of previous 
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stretching of the black vulcanizate on degree of crystallization, shown in Figure 
2, is precisely opposite to this. Thus, the use of a highly crosslinked gum rubber 
in which some of the crosslinks break down during stretching as a model for 
carbon black filled vulcanizates is inconsistent with the crystallization data 
presented here. 
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SUMMARY 


The changes in volume which occur during the stretching of carbon black 
reinforced vulcanizates have been measured, and the results used to examine 
crystallization which accompanies the extension of natural rubber. The 
effect of previous extension on these changes is interpreted in terms of a simple 
model previously advanced by the authors to describe the stress-strain proper- 
ties of reinforced vulcanizates. 
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CHANGES IN THE SPECIFIC VOLUME OF RUBBER 
DURING ELONGATION * 


A. B. Kusov, V. I. Trormmova, anp Yu. I. Nitova 


Lensoviet Lentnecrap Institute, Lentnerap, USSR 


The study of volume changes in strained rubber not only has a practical 
significance, but is of considerable theoretical interest as well. »Experimental 
data obtained from such measurements may be used to evaluate the structural 
changes which take place during the deformation and the nature of the forces 
involved in this process. 

The first studies of volume changes in rubber were apparently those of 
Joule!, who found that a decrease in specific gravity by as much as 0.2% is 
observed when stocks are elongated by 100-150%. An increase in the volume 
of rubber when strained was also observed by Villari*; he found that as the 
elongation increases, the rate of volume increase slackens. Thomas’, in con- 
trast to the others, did not note any increase in the volume of the rubber during 
elongation. Whitby’ notes that this may possibly be explained by the fact 
that Thomas experimented with samples which had been previously deformed. 
Lundal‘ observed an increase in volume of as much as 0.45% when the rubber 
was elongated by 23%. Schippel®, after studying the behavior of loaded stocks, 
came to the conclusion that the rate of volume increase during elongation rises 
markedly as the filler loading is increased. The nature of the filler also affects 
the magnitude of this effect. Schippel first postulated that when a rubber stock 
is strained, vacuoles are formed in the direction of the strain by the tearing 
away of the rubber from the particles. Holt and MacPherson® carried out re- 
search on loaded (carbon black and chalk) and unloaded stocks. With the 
exception of the stocks with chalk, which increased in volume when elongated, 
the volume of the other stocks remained constant for elongations of 200% to 
300%. Above this range the volume decreased ; and the higher the elongation, 
the lower the temperature and the longer the period of time that the rubber 
remained in the strained condition, the greater was the amount of volume de- 
crease. An increase in the degree of vulcanization generally diminishes the 
change in volume during elongation. The change in volume during these 
experiments was as high as 2%. 

Gee, Stern and Treloar’ made a study of the volume changes during elonga- 
tion in natural rubber vulcanizates completely lacking in filler particles or any 
other rubber-insoluble particles; they found that upon elongation up to 100% 
the volumes increased by 0.01-0.02%. A correlation was noted here between 
the curves of volume (V) versus elongation (e) and of stress (c) versus elonga- 
tion (€). The increase in volume was attributed by the authors to the hydro- 
static pressure created by strain in any isotropic body. By knowing the com- 
pressibility of the material and the degree of elongation one may calculate the 
increase in volume. Making such a calculation for both samples, the authors 
obtained values close to the experimental values. 


* Translated by Malcolm Anderson from Kolloidnyt Zhurnal, Vol. 19, pages 587-91 (1957). 
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The task of the present work was: (a) to atudy the change in volume of syn- 
thetic rubber stocks during elongation, which had never been studied before; 
(b) to carry out tests at high deformations; and (c) to try to find a correlation 
between stress and volume change during deformation. 

The method of measurement chosen was basically the hydrostatic method 
of weighing, similar to that used by Gee, Stern and Trelaor’. 

Rings with an inner diameter of 25 mm and an outer diameter of 28 mm were 
cut out of slabs of vulcanized rubber stock with a stamping die. Holes were 
drilled in a special steel plate, into which small steel rods were inserted various 
distances apart. The rings of rubber were stretched over the steel rods on 
either side of the strip. In this way it was possible to achieve elongations of 
0% to 700% or more, in intervals of 50%. The device with the samples on it 
was weighed on an analytical balance in air and in distilled water with the 
samples at varying elongations, starting from zero. The change in volume was 
calculated from these data. All the necessary measures were taken to insure a 
constant temperature and to obtain reproducible results. In order to give a 
better wetting of the plate and free it from air bubbles, several drops of ethyl 
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Fre. 1.—Relation of stress and specific volume to elongation in stocks based on: a (left)—chloroprene 
rubber; 6 (middle)—butadiene-styrene rubber (SKS-30); ¢ (right)—polybutadiene rubber. The solid 
lines represent stress, the broken lines specific volume. e abscissas represent the per cent elongation ¢; 
the outer ordinates represent the specific volume Vy in cm*/gram, the inner ones the stress ¢ in kg/cm?. 


aleohol were added to the water. The experiments were carried out with 
stocks based on natural, polybutadiene, butadiene-styrene, nitrile, chloroprene 
and butyl rubbers. Both unloaded stocks and stocks with different loadings of 
carbon black, in different states of cure, were studied. Stress-strain curves 
were obtained for all stocks tested, from parallel determinations made on dumb- 
bell specimens punched out of the same slabs from which the rings for volume 
measurement were cut. The recipes of the rubber stocks tested were approxi- 
mately standard recipes, and for this reason they are not given. The graphs 
show only the loadings of the fillers. 

Tests have shown that when various rubbers are stretched, their volumes 
undergo an increase which in isolated cases is as high as 1.7—1.8% at the maxi- 
mum elongations. The curve of specific volume versus elongation is character- 
istically S-shaped in the general case ; the increase in volume per unit elongation 
diminishes at first, and then (when the inflection point of the curve is reached) 
the volume starts to rise sharply as the elongation increases further (see Figures 
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Fie. 2.—Relation of stress and specific volume to elongation in SKS-30 (butadiene-styrene rubber) 
stocks containing: a (left)—30 parts; 6 (middle)—45 parts; and c (right)—60 parts by weight of carbon 
black. The solid lines represent stress, the broken ones specific volume. The abscissas represent the 
elongation pines wae} cent; the outer ordinates represent the specific volume V, in cm?/gram, the inner ones the 
stress ¢ in 


1 and 2). In some cases the S shape is not visible or only faintly visible, but 
in the majority of cases it is distinctly apparent. This is the case with stocks 
of all rubbers except natural rubber. When natural rubber is elongated to a 
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Fie. 3.—Relation between specific volume and elongation in natural rubber stocks vulcanized for pe- 


riods of : “5 minutes ; 2—30 minutes; 3—90 minutes; 4—10 minutes ; 5—7.5 minutes and 6—6 minutes. 
The abscissa represents ‘the per cent elongation ¢, the oi te the specific volume in_cm*/gram. 
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certain degree, then the volume increase changes to a decrease, which is slight at 
first and then very sharp; the higher the state of cure, the higher is this elonga- 
tion. Figure 3 shows curves of specific volume versus elongation for natural 
rubber vulcanizates produced from the same stock, with different vulcanization 
periods. As is seen, these curves are also characterized by inflection points 
occurring at elongations of about 100%; but then a break occurs, indicating 
the start of the contraction stage (decrease in volume). Figure 4 shows the 
relation between the state of cure of the sample, characterized by its vulcaniza- 
tion period, and the elongation at which the increase in volume changes to a 
decrease (the reversion point). It is evident from this graph that for a certain 
state of cure, a 15 minute vulcanizate in our case, a maximum elongation value 
is reached which corresponds to the reversion point. Figure 5 shows the rela- 
tion between the critical elongation (at which the contraction of the rubber 
starts) and the combined sulfur content. The latter is determined from the 
difference between total and free sulfur. 

Figures 1 and 2 show the stress-strain curves along with curves of specific 
volume versus elongation. The correlation between both types of relation is 
quite evident. The inflection points of the respective curves correspond to the 
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Fria, 4.—Elongation corresponding to the onset of contraction in natural rubber stock, as related to vulcan- 
ization time. The abscissa represents time in minutes, the the ¢ in per cent. 


same elongation figures (from 75% to 150%). The curves shown are typical 
of most rubber stocks. The different type of relation shown by natural rubber 
stocks is apparently explained by crystallization. An attempt was made to 
bring about a decrease in volume in stocks of chloroprene and butyl rubbers, 
which also have the ability to crystallize when strained. However, a drop in 
volume was observed here only after a prolonged (7 days) aging of the sample 
in a strained condition. In stocks of chloroprene rubber the volume here de- 
creased by 0.66% under 300% elongation, and in those of butyl rubber by only 
0.09% under 250% elongation. Larger elongations could not be maintained 
for such long aging periods. 

In the experiments described above the samples tested were not fatigued. 
It was of some interest, therefore, to clarify the behavior of rubber stocks previ- 
ously subjected to repeated deformations. For this purpose ring-shaped 
samples cut out of slabs were elongated up to 300% several times and then were 
tested as usual at various elongations. The preliminary ten-cycle elongation 
almost always gave virtually the maximum figure for volume change. 

These experiments showed that the character of the curves of volume versus 
elongation in such fatigued rubber parts remains unchanged, except that the 
rate of volume increase rises. Thus, when SKB (butadiene rubber) stocks were 
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elongated ten times, their volume increased by 0.04% to 0.15% in the range of 
elongations from zero up to 300%, as compared with samples not prestressed. 
SKN-26 (nitrile type rubber) stocks showed somewhat greater changes in the 
above range of elongations (from 0.4% to 0.7%). 

It is interesting to note that in a comparatively few cases a second inflection 
point is observed in the curves of volume versus elongation, in the region of 
elongations near the breaking point, which indicates a gradual cessation of the 
increase in volume. An analogous inflection point can sometimes be observed 
also on the stress-strain curves in the region of large elongations, mainly in 
highly loaded stocks. 

The results obtained leave no doubt that an increase in volume during 
elongation, continuing up to the point where the sample breaks, is a general 
property of vulcanizates. The drop in volume observed in natural rubber, 
beginning at a certain elongation, is due in all probability to crystallization—a 
process superimposed upon the main process. The volume increase observed 
can not, by reason of its magnitude, be due only to the hydrostatic component of 
the stress. It is very probable that during deformation a breakdown of the 
material occurs in the internal surfaces of the rubber itself, and at the rubber- 
filler particle surface. The possibility is not exlcuded, also, of a breakdown of 
the filler particles; i.e., that these are loosened up to form vacuoles within the 
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Fra. 5.—Elongation Ne yn - to the onset of contraction in natural rubber stocks, as related to the 
combined = Pp the per cent elongation «¢, the ordinate the per cent 
combined sulfur 


particles. Not all of the occurrences mentioned are equally probable, but in 
the absence of accurate information on the subject one is compelled at the 
present time to speak in terms of the collective action of various factors. 

One fact is noteworthy, however, and that is the presence of an inflection 
point on the curve of specific volume versus elongation, i.e., the S-shaped 
character of the curve. It would seem that the increase in volume during 
elongation should be steady by nature. A comparison of the inflection points 
on the curves of volume versus elongation and stress versus elongation is very 
interesting. 

One might try to understand this fact on the basis of the assumption that a 
certain unstable spatial network exists in the stock, whose junctions are formed 
by secondary bonds of a different type, which are capable of breaking down 
during deformation. The breakdown of the network is accompanied by a drop 
in modulus and an increase in volume, because of increasing chain vibrations 
and the reduction of their steric hindrances. However, to the extent that the 
number of junctions capable of being ruptured decreases (the chains which are 
already oriented), the rate of volume increase should drop to its minimum value, 
corresponding to the inflection point of the curve. This also corresponds to 
the greatest decrease in modulus. A further increase in volume, one would 
think, might be due to still another mechanism, a component of the total 
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volume increase, which is the formation of vacuoles. This stage of deforma- 
tion, incidentally, is usually characterized by a sharp rise in the hysteresis 
losses, indicating substantial structural disruptions. 

The behavior of natural rubber definitely indicates that crystallization takes 
place during elongation. The decrease in volume in this case runs as high as 
1.5% to 1.7%. Itis characteristic that an increase in the state of cure, which 
reduces the distances between junctions, does not change, beyond a certain 
point, the per cent elongation at which crystallization commences. The more 
“free’’ the molecular chain is (i.e., the lower the state of cure), the more easily 
crystallization takes place. 


CONCLUSIONS 


1. It was shown that an increase in volume under strain, which reaches 2% 
at the maximum elongations, is observed in both loaded and unloaded stocks 
based on different rubbers. 

2. The curves of specific volume versus elongation are characteristically 
S-shaped in the general case, and the inflection points of these curves correspond 
to the same elongations as do the inflection points in the curves of stress versus 
elongation. 

3. Natural rubber stocks show a drop in volume, related to the crystalliza- 
tion of the rubber, until a certain elongation is reached; the higher the state of 
cure, the higher this elongation. 
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CRYSTALLIZATION IN NATURAL RUBBER. V. 
CHEMICALLY MODIFIED RUBBER * 


A. N. Gent 


Britisu Rusper Propucers’ Researcn AssoctaTION, 
Wetwyn Garpen Crry, Herts., ENGLAND 


INTRODUCTION 


Small amounts of crosslinking have been shown to reduce the rate of crystal- 
lization of natural rubber by large factors’. It has also been inferred from 
measurements on peroxide and sulfur vulcanizates of various kinds that sulfur 
combined in forms other than crosslinks may retard the crystallization process 
efficiently?*. A simple banned volume mechanism has been proposed** to 
account for the influence of crosslinking and sidegroup combination on the rate 
and final extent of crystallization, and has been shown‘ to predict the form of 
the observed dependences for crosslinked rubber, and approximately the relative 
magnitudes, but good quantitative agreement was not obtained. Measure- 
ments are described below of the rate and final extent of crystallization in 
natural rubber which has been modified by the chemical combination of 
sidegroups to the rubber molecule. It has not proved possible to account 
quantitatively for the observed rates of crystallization, but it is thought that a 
description of the extremely large effects found to accompany slight chemical 
modifications will be of general interest. 

The preparation of the modified rubbers is described elsewhere®*. The 
substances added were six thiol acids; namely, monochlorothiolacetic, tri- 
chlorothiolacetic, thiolbenzoic, 1-thiolnaphthoic, thiolsalicylic, and thiol-stearic 
acids. The reactions were carried out in the solid phase by addition of the 
thiol acid to purified rubber on an open mill, in solution by addition of the thiol 
acid to a solution of purified rubber in benzene, and in the latex phase. 

Ritter’ has described temperature-retraction studies for similar modified 
rubbers and shown that the behavior is greatly altered. The crystalline state 
examined, however, appears to be a complex one, achieved in part during the 
imposition of a large extension and in part during a short period of storage of 
the extended testpiece at a low temperature. It seems unlikely therefore that 
any time-dependent processes which are observed correspond to a single crystal- 
lization process. Second, neither the retraction which is observed on releasing 
the extended testpiece nor the further retraction which occurs on warming can 
be readily related to the corresponding extent of crystallization. Finally, the 
experimental conditions, namely short periods of storage at a low temperature 
of samples held in a highly extended state, do not resemble those commonly 
encountered in arctic service—long periods of storage in the unstrained or 
lightly strained state—nor can the behavior under such conditions be deduced. 

In the experiments which are described below the crystallization process 
has been followed dilatometrically' for unvulcanized samples in the unstraine? 
state. In addition some measurements were carried out of the relaxation of 


* Reprinted from the Journal of Polymer Science, Vol. 28, Issue No. 117, pages 257-264, March 1958. 
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stress in vulcanized samples held at a fixed extension in the range 0-200% ex- 
tension’. The temperature at which the experiments were conducted was 
—25° C as this is close to the temperature at which crystallization proceeds 
most rapidly in raw and vulcanized rubber**:* and in vulcanizates stretched in 
the present range of extensions’. 


EXPERIMENTAL RESULTS 


The rate of crystallization of natural rubber was found to be greatly reduced 
by the addition of thiol acids. The time functions describing the crystallization 
process were unchanged in form, however, and indicated the growth of spherical 
crystal structures from nuclei which appeared at a constant rate. Similar 
observations have been reported for crosslinked rubber‘. 

Some irreproducibility was evident in the products obtained by direct addi- 
tion of the acid to rubber on an open mill. This was ascribed to inhomogene- 
ous combination, since adding the acid in a dilute benzene solution and spread- 
ing it evenly over the exposed rubber surface yielded more slowly crystallizing 
modified rubbers similar to those obtained by reaction in solution, as is shown 
in Table I. The addition of thiol acids to latex yielded rubbers which crystal- 


Tasie I 
CRYSTALLIZATION Hatr-Lives ror Mopiriep RUBBERS 


Amount of tallization 
trichlorothiolacetic -life at 
acid added Method of —25° C 
to the rubber, % addition? min X108 
0 0.51 
0.75 1 3.0 
0.4 2 3.0 
0.5 2 3.3 
0.7 2 18.0 
0.3 3 1.2 
0.7 3 7.8 
1.07 3 45.0 


@ (1) Acid added on mill. (2) Acid added as 5% solution in benzene on mill. (3) Acid added to 2% 
solution of rubber in benzene. 


lized much more slowly at equivalent additions than modified rubbers prepared 
on an open mill or in solution. ' 

At the low levels of addition employed, accurate analytical measurement of 
the amount of thiol acid which had combined proved impracticable, and the 
rubbers have therefore been characterized below by the amount of acid added. 

In Figure 1, the observed crystallization half-lives for the modified rubbers 
prepared in solution are plotted on a logarithmic scale against the number of 
molecules of the thiol acids added to the rubber per unit volume. The experi- 
mental points are seen to be described approximately by linear relations, as 
predicted by the theoretical treatment‘, although some tendency was discerned 
for the relatively highly modified rubbers to crystallize more slowly than a linear 
relationship would suggest. The relation obtained previously‘ for rubber cross- 
linked by means of an organic peroxide is represented by the broken line in 
Figure 1, the abscissa denoting the number of crosslinks per unit volume in this 
case. Thiolbenzoic, thiolsalicylic, monochlorothiolacetic, and trichlorothio- 
lacetic acids appear to be about equally effective in retarding the crystallization 
process, and somewhat more so than a corresponding number of peroxide cross- 
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Fie, 1.—Experimental relations between crystallization half-life 712 at —25° C and number of mole- 
cules of thiol acid per unit volume, added to the rubber in solution. (©) Monochlorothiolacetic acid; (@) 
trichlorothiolacetic acid; (()) thiolbenzoic acid; (+) 1-thiolnaphthoic acid; ( A) thiolsalicylic acid; (v) J; 
thiolstearic acid. The broken line represents the results obtained : previously‘ on peroxide crosslinked rub 


links. Thiolstearic acid was found to be considerably less efficient, only minor 
reductions in the rate of crystallization being observed for rubbers to which 
about 10” molecules per cm* were added. 1-Thiolnaphthoic acid, however, was 
found to cause a greater reduction in the crystallization rate than any of the 
other acids examined, as is seen in Figure 1. 

The efficiency of retardation for each additive may be characterized by the 
slope 0 (In 71,2) of the corresponding linear relation of Figure 1. The experi- 
mental values are given in Table II, together with those obtained for modified 
rubbers prepared in the latex phase. 


TaB_e II 
Erricirency or AppITION IN RETARDING CRYSTALLIZATION 


Effective 
Method Efficiency : excluded 
of O(in Ti2)/dn radius 
Additive addition X10-* em? em 
Thiolstearic acid 3 ca (3 
Monochlorothiolacetic acid 3 ll 47 
Trichlorothiolacetic acid 3 ll 47 
Thiolbenzoic acid 3 1l 47 
Thiolsalicylic acid 3 11 47 
1-Thiolnaphtholic acid 3 45 75 
Peroxide crosslinks — 7.4 41.5 
Thiolstearic acid 4 7 —- 
Thiolbenzoic acid 4 70-120 = 
1-Thiolnaphthoic acid 4 120-190 — 


« (3) Acid added to 2% solution of rubber in benzene. (4) Acid added to latex. 
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In Figure 2, values of the quasi-equilibrium volume contraction attained are 
plotted against the number of added acid molecules per unit volume for three 
of the thiol acids reacted in solution. The experimental points are too few and 
too scattered to permit 2 calculation of the sterically prohibited volume as for 
peroxide crosslinks*-*, but they appear to be in fair accord with the experimental 
relation found for crosslinked rubber, represented by the broken line of Figure 
2, and a prohibited volume of a similar order of magnitude might be assumed, 
namely 5.1 X 10-7 

Effect of vulcanization.—A series of modified rubbers prepared by the addi- 
tion of thiolbenzoic acid to latex® were examined dilatometrically in the un- 
strained unvulcanized state. The observed half-lives are plotted in Figure 3, 
Curve A. From the same rubbers TMTD-sulfurless vulcanizates B and CBS- 
accelerated sulfur vulcanizates C were prepared using the mix formulations and 
vulcanization conditions given in the Appendix. The course of stress relaxation 
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Fic. 2.—Experimental relation between quasi-equilibrium volume contraction at 725° Cc and umber 
of thiol acid molecules per unit volume, added to the rubber in solution. M 

(@) trichlorothiolacetic acid; (+) 1-thiolnaphthoie acid. The broken line represents the results sbeeioed 
previously‘ on peroxide crosslinked rubber. 


in testpieces held at an extension ratio of 2.5 at —25° C was then followed ex- 
perimentally*. The observed half-lives for the stress relaxation process are 
plotted against the number of added sidegroups in Figure 3, Curves B and C, 
respectively. The retardation exhibited by the unstrained unvulcanized rub- 
bers is seen to be present in the stretched vulcanizates, and the linear relations 
characterizing the measurements have approximately the same slope. The 
effect of sidegroup combination on the rate of crystallization appears, therefore, 
to be additional to, and independent of, the effect of crosslinking to a first 
approximation. 

In a further series of measurements over a range of extensions, it was ob- 
served that an imposed extension increased the rate of crystallization for vul- 
canizates of modified and unmodified rubber by a similar factor. 

Effect of adding stearic acid.—It has been shown previously’ that the addition 
of small quantities of certain impurities, notably stearic acid, to purified rubber 
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increases the rate of crystallization fourfold at —25° C, presumably by promot- 
ing crystal nucleation. To examine the efficiency of such impurities in chemic- 
ally-modified rubbers, 2.5 per cent of stearic acid was added on an open mill to 
the series of modified rubbers described above. The resulting half-lives are 
portrayed in Figure 3, Curve A’. It is seen that the presence of stearic acid 
accelerates the crystallization by a factor of about five for all the degrees of 
modification examined. In an attempt to accelerate the process further, 10% 
of stearic acid was added to the most highly reacted sample, but the half-life 
was not further reduced. 
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Fie. 3.—Experimental relations between crystallization half-life 71/2 at —25° C and number of thiol- 
benzoic acid molecules per unit volume, added to the rubber in the latex phase. (A) From dilatometric 
measurements on undeformed, unvulcanized rubbers. (A’) From similar measurements on rubbers to 
which 2.5% of stearic acid was added on an open mill. (B) From measurements of stress relaxation in vul- 
canizates B, prepared from the same rubbers, held at an extension ratio of 2.5. (C) From similar measure- 
ments on vulcanizates C. 


DISCUSSION 


It has previously been proposed* that crosslinking and sidegroup addition 
retard crystallization by preventing the formation of crystal nuclei within an 
elementary volume around each foreign unit. The banned volume may be 
considered to consist of two zones. The first, immediately around the foreign 
unit, is sterically prevented from entering a crystal lattice, and an estimate of 
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its minimum size may be obtained from the dependence of the final degree of 
crystallization on the number of foreign units, as described in Section 2. The 
outer zone arises from the finite critical size of the crystal nucleus, which may 
be calculated at any temperature from classical nucleation theory‘. The total 
nucleus-excluded volume V, assumed spherical, will have a radius given by the 
sum of the radii of the sterically prohibited zone and of the crystal nucleus. 
The calculated value for the nucleus-prohibited radius obtained in this way is 
21.4 cm. 

The crystallization half-life 71/2 for a material containing n randomly dis- 
tributed foreign groups per unit volume which exclude the formation of nuclei 
in their neighborhood is given‘ by: 


(In T1/2)n = (In T1/2)0 + nV/4 


A dependence of this form has been observed for peroxide crosslinked rubbers, 
as reported previously“, and for rubbers reacted with thiol acids, as described 
above. If the retardations are ascribed solely to crystal nucleus prohibition, 
the measured efficiencies 0 (In 7'1;2)/dn provide measures of V/4. Values of the 
nucleus-excluded radius have been calculated on this assumption and are given 
in Column 3 of Table II. They are seen to be of the same order as, but con- 
siderably larger than, that obtained above, namely 21.4 x 10-§ cm. More- 
over, if the reaction with the thiol acids is incomplete, the effective excluded 
radii are even larger than that calculated. Although the calculated value may 
be considered a minimum estimate, it seems unlikely that a nucleus-excluded 
volume mechanism alone can account completely for the observed effect of 
chemical modification and some reduction in the rate of growth also must be 
inferred. 

This might occur in two ways. First, it seems probable that the growth of 
a crystal proceeds by a series of sub-nucleation processes", If the critical 
nucleus size for such growth crystallites is not markedly smaller than that for 
primary nucleation, the presence of foreign units will impede their formation in 
a similar manner to that proposed for the primary nuclei. Second, the intro- 
duction of foreign units may alter the mobility of the molecular chains, and 
reduce the rate of approach of amorphous material to the site of nucleus forma- 
tion. The nature and size of the added sidegroups might be expected to have a 
large influence on the corresponding mobility changes. 

The addition of thiol acids to rubber in the latex phase produces extremely 
large retardations of crystallization, as is seen in Table II, the most efficient 
additions causing significant increases in the half-life of crystallization when 
only of the order of one thiol acid molecule is added per molecule of rubber. 
It is difficult to visualize the mode of action of such a phenomenally effective 
process, particularly as a corresponding number of long-chain foreign groups 
produced by graft!” or block” polymerization of methyl methacrylate with 
rubber were found to have no significant effect on the rate of crystallization. 

It seems likely therefore that the addition of the thiol acids to latex is ac- 
companied by other structural changes in the rubber which also act to retard 
crystallization. Alternatively, if preferential combination of the thiol acid 
occurs in the surface layer of the latex particle and such spacial inhomogeneity 
is preserved throughout subsequent processing, a marked reduction in the rate 
of crystallization might be expected, comparable to that which is observed in 
latex itself4, due to the effectively finely-divided state of the crystallizable 
component. 
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APPENDIX 
FORMULATIONS AND VULCANIZATION CONDITIONS 


Compound B Compound C 
parts by parts by 
weight weight 
Rubber 100 100 
Zine oxide 5 
Stearic acid 2 
Sulfur 
Pheny]l-2-naphthylamine 
TMTD+ 4 
— 
Vulcanization time (min at 140° C) 40 


*¢TMTD = Tetramethy Ithiuram 
*CBS = N-cyclohexylb 


SYNOPSIS 


Measurements are described of the rate and final extent of crystallization 
at a temperature of —25° C in natural rubber which has been modified by the 
chemical combination of sidegroups to the rubber molecule. The substances 
added were six thiol acids. Their efficiencies in retarding crystallization are 
compared with that previously reported for peroxide crosslinking and with the 
value predicted by a simple banned volume treatment for crystal nucleus 
formation. They are found to be generally greater than the large value pre- 
dicted theoretically. Possible reasons for this are discussed. 
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THE ROLE OF METAL OXIDES AS 
ACTIVATORS OF VULCANIZATION * 


M. Fevpstern, P. OrLtovsky, AND B. DoGapKIN 


The study of the role of activators of vulcanization has, until recently, pro- 
ceeded in two directions, the first approach being concerned with a study of the 
possible replacement of zine oxide by less rare metal oxides'. In recent years, 
as a result of wide usage of synthetic rubber for which the role of zine oxide as 
an activator is less definite, data were obtained by several scientists indicating 
the possibility of decreasing the amount of zine oxide in rubber mixes. Since 
data with the opposite meaning have also been obtained, the question of de- 
creasing zinc oxide content or replacing it by other metal oxides has not been 
settled. 

The second approach taken by research workers was concerned with the 
determination of the nature of the role of activators of vulcanization. There is 
wide spread opinion that metal oxides activate the action of vulcanization ac- 
celerators by transforming the latter into more soluble salt-like compounds. 
According to several scientists?*, the formation of di- and polysulfide compounds 
by reaction of vulcanization accelerators with sulfur followed by decomposition 
to free sulfur is promoted by metal oxides. In later research this point of view 
was not experimentally proved‘. 

The role of metal oxides as activators is not limited only to the influence on 
the kinetic process of vulcanization. Stevens® pointed out that zinc oxide 
improves physical-mechanical properties of vulcanizates. In a number of 
papers®**, the activating role of zinc oxide is related to its influence on the cross- 
linkage of rubber molecules. Details of the action of zine oxide are given in a 
paper by Dogadkin and Beniska”. To our regret, there is no basis in these 
papers for comparing the properties of other metal oxides with zinc oxide as 
activators of vulcanization. 

The present work, based on an idea of P. F. Badenkov, was undertaken for 
the purpose of comparative study of the activating effect and properties of the 
oxides of a number of metals as a function of the type of rubber, the vulcaniza- 
tion accelerator and the active fillers. The compounds studied were zinc oxide, 
magnesium oxide, calcium oxide and calcium hydroxide. The following results 
are for mixtures containing 5 parts of activator but this quantity is not always 
optimal. In several cases, 1 part MgO and 3 parts Ca(OH)2 show more 
effective activity than 5 parts. This is explained by better dispersion of these 
oxides in rubber at lower concentrations. In the case of zinc oxide, a decrease 
of concentration does not influence the nature of the dispersion. (Figure 1 of 
the original Russian article contained photomicrographs illustrating this 
point.) 

Figure 1 of this translation shows the change of the dynamic modulus of 
“rod”’ polymerized sodium butadiene rubber (SKB = synthetic rubber, buta- 
diene) containing different metal oxides but no fillers. As can be seen in the 


* Translated from Kauchuk i Rezina, 1957, No. 1, pages 22-31. 
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me! 
Fie. 1.—Vulcanization of "ee/entAbsctaa sodium butadiene rubber in presence of Captax. Ordinate: 


modulus at 400% elongation, kg/em? : vuleanization time, minutes. /, without activator; 2, 
with calcium oxide; 8, with zine oxide; 4, with magnesium oxide. 


figure, the vulcanization effect increases when activators are present. An anal- 
ogous effect is observed not only in the presence of mercaptobenzothiazole 
(Captax), but in the presence of other thiazole and sulfenamide accelerators, 
particularly with benzothiazolyl disulfide (Altax) and benzothiazolyl sulfendi- 
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Fra. 2.—Vulcanization of rodless polymerized sodium butadiene rubber in presence of Captax. Ordi- 


nate: re at 400% elongation, kg/em*. Abscissa: time of vulcanization, minutes. 1, without activa- 
tor; 2, with zinc oxide; 3, with magnesium oxide; 4, with calcium hydroxide. 
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Fie. 3.—Kinetics of change of maximum swelling. Ordinate: maximum swelling, %. Abscissa: vul- 
canization time, minutes. Curve headings: left curve; SKB-rod (after 24 hours swel ing in benzene) ; 
right curve; SKB-rodless 1 , with zine oxide; 2, with calcium oxide; 3, with magnesium oxide; 4, without 
activator. 


ethylamide (Sulfenamide BT). Completely different results are observed on 
vulcanization of compounds of “rodless”’ polymerized sodium butadiene rubber 
(Figure 2). In this case the structure formation occurs very rapidly without 
metal oxides. Addition of magnesium oxide or calcium hydroxide does not 
produce an appreciable change in the dynamic modulus. In the presence of 
zinc oxide there is a definite slowing of vulcanization. The different nature of 
the action of zinc oxide in mixtures of rod and of rodless sodium butadiene 
rubber is shown in Figure 3 by the kinetics of the change in maximum swelling, 
which, as is known, is a measure of the number of crosslinks in the structure of a 
vulcanizate. Vulcanizates of rod rubber obtained in the absence of activator 
differ from those obtained with zinc oxide by the increased swelling in benzene. 
The opposite effect is observed with vulcanizates of rodless rubber; greater 
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Fie. 4.—Kinetics of addition of sulfur. Ordinate: amount of sulfur reacted. Abscissa: vul-enizg¢.! on 


time, minutes. Left curve h SKB-rod: Right curve heading; SKB-rodless 1, without . « .- wr; 
2, with magnesium oxide; 3, with zine oxide, 
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swelling is characteristic of vuleanizates with zinc oxide. This effect proves 
that zinc oxide in compounds of rodless sodium butadiene rubber slows the 
process of structure formation. The difference in the effect of zine oxide in 
mixtures with rod and with rodless polymerized SKB can also be seen from the 
kinetics of the addition of sulfur (Figure 4). The quantity of sulfur bound 
means all the sulfur that stays in the vulcanizate after acetone extraction. 
This includes all organic combined sulfur and sulfur which is part of metal 
sulfides formed during vulcanization. Zine oxide in rod rubber compounds 
causes greater acceleration of addition of sulfur than magnesium oxide. In 
rodless rubber compounds, zinc oxide retards the reaction of sulfur addition 
and the greatest acceleration is observed in the absence of metal oxides. 

The above results show the different effects of zinc oxide in pigmented com- 
pounds of rod and rodless polymerized sodium butadiene rubber. In com- 
pounds of rodless rubber containing Captax, Altax and Sulfenamide BT, zine 
oxide slows vulcanization, sharply lowering the speed of reaction of rubber with 
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Fie. 5.—Vulcanization of rodless SKB (0.22% alkali) in the presence of Captax. Outer ordinate: 
residual elongation, % Inner ordinate: modulus at 400% elongation, kg/cm*. . 
residual elongation. 1, without activator; 2, with zinc oxide; 3, with magnesium oxide. 


sulfur. For accelerators of the thiuram type such differences in the effect of 
metal oxides in compounds of rod and rodless rubber were not observed: both 
rubbers require the use of zinc oxide as a vulcanization activator. This gives 
us reason to suppose that for accelerators of the thiuram type on one hand, and 
of the thiazole and sulfenamide type on the other hand, there exist different 
activator effects. It depends not only on chemical composition of the accelera- 
tor but on the nature of the rubber used. The rubbers made in production may 
contain by-products, in particular, alkali, which shows considerable effect on 
the kinetics of vulcanization. In this connection it was of interest to explain 
the anomalous behavior of zinc oxide in rodless sodium butadiene rubber, par- 
ticularly as to whether it depends on the type of rubber or on the presence of 
alkali. To answer this question, samples of rodless SKB were taken which 
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Fie. 6.—Vuleanization of rodless SKB (0.6% alkali) in the presence of Captax. 
Ordinate, abscissa and key the same as for Figure 5. 


differed from each other by their alkali content. The alkali content of the first 
sample of rubber was 0.22 per cent expressed as sodium hydroxide. The sec- 
ond sample contained 0.6 per cent. Figure 6 gives the kinetics of the change 
in physical-mechanical properties of compounds of the rodless SKB containing 
0.22 per cent alkali. From this it is seen that the vulcanizate with zinc oxide 
has a higher modulus and a higher residual elongation than the vulcanizate ob- 
tained without activator. The same effect was observed in the presence of 


Sulfenamide BT as in the presence of Captax (Figure 5). In other words, in 
rodless rubber with low alkali, the influence of zine oxide is not clearly shown. 
When higher alkali content is present (0.6 per cent), the retarding action of 
zine oxide on the vulcanization process is definitely shown (Figure 6). This 
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Fic. 7.—Effect of sodium hydroxide on vulcanization of rodless SKB (0.22% alkali). Ordinate: 
modulus at 400% elongation, kg/em*. Abscissa: vulcanization time, minutes. 1’, without activator; /, 
with sodium hydroxide; 2’, with zinc oxide; 2, with zine oxide and sodium hydroxide; 3, with magnesium 
oxide and sodium hydroxide. 
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is proved by the decrease in modulus and the increase in residual elongation. 
Figure 7 shows the effect of adding alkali to rodless SKB (the additional alkali 
was obtained by adding 3 parts of sodium hydroxide). As was shown in 
Figure 5, zine oxide in rodless rubber with low alkali content (0.22 per cent), 
causes higher modulus than is obtained without metal oxide. Upon adding 
sodium hydroxide the vulecanizates with zinc oxide (Figure 7) have a lower 
modulus. From this we can conclude that with higher alkali content in the 
rubber, the addition of zine oxide appears to be unnecessary for vulcanization 
of unpigmented compounds of rodless polymerized SKB. 

This behavior of zine oxide can be explained in the following manner. In 
the presence of a considerable amount of alkali the vulcanization proceeds 
rapidly without metal oxides. Moreover, at the temperature of vulcanization, 
the reaction of zinc salts with vulcanization accelerators and sulfur leads to the 
formation of zinc sulfide and therefore to the expending of part of the sulfur. 
In consequence, there is less immediate reaction between rubber and sulfur, 
resulting in a delay in vulcanization. 

The characteristic effect of metal oxides as vulcanization activators depends 
to a considerable degree on the type of fillers used. As can be seen in Table I, 


TaBLeE I 


Activity oF ACTIVATORS IN PIGMENTED CoMPOUNDS OF SopiuM BuTADIENE RUBBER; 
50 Minute Cure at 143° C; 1.5 Parts Sutrvur; 1.8 Parts Caprax in SKB RuBBER 


Modulus at 300% elongation, kg/cm? 
Filler 
A. 


Activator Channel black Furnace black Oil spray black 
A. 


content, 
Activator parts No black Black Noblack Black Noblack Black 


Without activator 42 43 64 76 
Zinc oxide . 62 44 68 79 
Zinc oxide : 60 : 42 67 80 
Magnesium oxide 3. 52 44 72 80 
Calcium hydroxide . 56 46 66 78 


the vulcanization of compounds of sodium butadiene rubber containing semi- 
active blacks (furnace black and ‘‘sprayed oil’’ black) proceeds intensively in 
the absence of metal oxides. Addition of metal oxides does not appreciably 
affect the rate of cure. The nature of the activity of metal oxides in the pres- 
ence of active channel black is considerably different. 

The influence of active channel] black on vulcanization is so large that in a 
given case the difference between the behavior of activators in rod and rodless 
polymerized SKB is wiped out. For both types of rubber, addition of channel 
black requires the use of activators :—metal oxides, of which the most active 
is zine oxide. 

The results obtained in studying the role of metal oxides in vulcanization of 
butadiene styrene rubber (SKS-30A) are of great interest. Here, the influence 
of metal oxides on the rate of vulcanization and on the process of structure 
formation and the specific action in the presence of different fillers was observed. 
The compounds studied contained the most effective accelerator for each type 
of rubber. The vulcanizates used contained sulfenamide BT, thiuram or Altax, 
and each contained diphenylguanidine (DPG). The effect of calcium hydroxide 
as an activator was compared with the normally used zine oxide. Magnesium 
oxide is intermediate between the above metal oxides in its effect as an activator 
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of butadiene styrene rubber vulcanization. The effect of zinc oxide and calcium 
hydroxide on the rate of cure of nonpigmented compounds of SKS-30A contain- 
ing Altax and DPG (0.6 part) is shown in Figure 8. 

The results show that calcium hydroxide is more effective than zinc oxide 
with respect to rate of cure and structure formation as measured by modulus. 
Analogous results are observed in vulcanizates of compounds containing Sulfen- 
amide BT. Curves of rate of addition of sulfur (Figure 8) show that the com- 
pounds of SKS containing thiazole accelerators vulcanize rapidly enough with- 
out vulcanization activators. Such a compound, after 30-40 minutes of cure 
(in other words, up to the optimum cure), contains as much bound sulfur as 
compounds containing activators, zinc oxide or calcium hydroxide. However, 
as measured by modulus and tensile strength (Figure 8), compounds without 
activators are far less advanced in cure than the ones containing metal oxides. 
The modulus values show that with practically the same amount of sulfur 
reacted, a considerably greater structure formation is obtained in the presence 
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Fie. 8.—Vulcanization of butadiene styrene rubber in presence of Altax and diphenylguanidine. Left 
ordinate: Amount of reacted sulfur, %. Right ordinate: modulus se 300% elongation, nage strength, 
kg/cm*. Abscissa: vulcanization time, tensile strength. /, without 
activator; 2, with zinc oxide; 3, with magnesium oxide. 


of metal oxides. In this manner activators, like accelerators, cause better 
utilization of sulfur and influence the nature of the vulcanizate structure. In 
this respect, calcium hydroxide is much more effective than zinc oxide. 

We should mention that vulcanizates obtained by the use of calcium hy- 
droxide are approximately one and one-half times as high in tensile strength as 
those obtained with zine oxide. 

The addition of semi-active fillers, such as furnace black, to butadiene 
styrene rubber does not cause appreciable changes in the effect of activators 
described for nonpigmented compounds with the above mentioned types of 
accelerators. 

In compounds with channel black, Altax and DPG (Figure 9), calcium 
hydroxide appreciably surpasses zine oxide as an activator. In the presence of 
Sulfenamide BT the action of zine oxide and calcium hydroxide as activators is 
practically identical. However, we should keep in mind that the effect of 
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Fie. 9.—Activity of activators in compounds of SKS-30A containing channel black, as a function of 
the type of accelerator used. Ordinate: modulus at 200% elongation, ‘cm*. Abscissa: vulcanization 
time, minutes Altax, DPG (0.75 part); Sulfenamide BT (1 part). 1,3. with zin coxide; 

2,4. with calcium hydroxide. 


activators depends on the concentration of accelerators to a certain degree. 
Figure 10 gives the results which characterize the influence of metal oxides on 
the physical-mechanical properties of compounds with channel black containing 
varying amounts of Sulfenamide BT. At a concentration of 1.2 phr of Sulfen- 
amide BT, zinc oxide and calcium hydroxide exhibit practically the same activa- 
tion effect as shown above. On decreasing the concentration of Sulfenamide 
BT to 0.7 part, where the role of activators sharply increases, calcium hydroxide 
has a greater activity effect and causes greater structure formation. 

It is known that thiuram in compounds with natural rubber or with SKB, 
rod or rodless polymerized, is activated exclusively by zinc oxide. Oxides of 
other metals appear to be weak activators. A difference is observed with vul- 
canization of butadiene styrene rubber in the presence of thiuram. As is seen 
in Figure 11 showing the rate of vulcanization of nonpigmented compounds of 
butadiene styrene rubber (SKS-30A), calcium hydroxide in the presence of 
thiuram causes greater acceleration of sulfur addition and gives higher modulus 
values and higher tensile strength than is obtained with zine oxide. Addition 
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Fie. 10.—Effect of activators as a function of accelerator concentration. Ordinate: modulus at 300% 
/em?. Abscissa: vulcanization time, minutes. BT a .2 parts) ; 
ulfenamide 'T (0.7 part) 1 3. with zine oxide; 2,4. with calcium hydroxide 
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Fie. 11.—Vuleanization of butadiene plysene rubber in the presence of thiuram. Left ordinate: amount 
of reacted sulfur, %. Right ordinate: modulus at 200% elongation, tensile strength, kg/cm*. 1, without 
activator; 2, with zine oxide; 3, with caleium hydroxide. 


of furnace black (Figure 12) does not affect the activity of this activator. In 
compounds of thiuram with channel black, the activity is weaker with calcium 
hydroxide than with zine oxide as vulcanization activator. The latter causes 
greater acceleration of sulfur addition (Figure 12). The vulcanizates obtained 
by the use of calcium hydroxide are characterized by low tensile strength: 
70-80 kg/cm’, against 250 kg/cm? for vuleanizates with zinc oxide. Such a 
decrease in tensile strength is probably due to the reactivity of calcium hydrox- 
ide with functional groups containing oxygen which are on the surface of 
channel black. 
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Fie. 12.—Effect of activators in compounds of SKS-30A containing thiuram as a function of the type 
of filler, Ordinate: amount of sulfur reacted, %. Abscissa: vulcanization time, minutes. with 
channel black ; —-——- with furnace black. 1, with zine oxide; 2, with calcium hydroxide. 
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Fie. 13.—Structure formation effect of metal oxides in the absence of accelerators (in furnace black 
compounds). Outer ordinate: residual elongation, %. Inner ordinate: modulus at 300% elongation, 
tensile strength, kg/cm*. Abscissa: vulcanization time, minutes. modulus ; ----— tensile strength; 
—-+++—+++— residual elongation. 1, with zinc oxide; 2, with calcium hydroxide. 


The experimental data described above show that in all compounds of buta- 
diene styrene rubber studied, with the exception of those using thiuram and 
channel black, calcium hydroxide possesses stronger activity than zine oxide. 

For the purpose of study of the basis for the special effectiveness of calcium 
hydroxide with respect to SKS rubber, we obtained additional data which 
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Fre. 14.—Influence of metal oxides on rate of sulfur addition (in absence of accelerators). Ordinate: 
amount of reacted sulfur, %. Abscissa: vulcanization time, minutes. 1, with zine oxide; 2, with calcium 


535 
o* 
6 
6 
7 
s 
pat 
vA 
><] 
100 
2 
Ea 
70 
7 

hydroxide, 

: ‘ 


536 RUBBER CHEMISTRY AND TECHNOLOGY 


characterized the vulcanization activity of this material in compounds which did 
not contain organic accelerators of vulcanization or vulcanizing agents. Curves 
in Figure 13 show the influence of calcium hydroxide and zine oxide on the 
kinetics of change of physical-mechanical properties at 143° C, in the absence 
of organic accelerators. As can be seen from Figure 13, structure formation 
with zinc oxide is considerably less than with compounds containing calcium 
hydroxide. The effectiveness of calcium hydroxide is probably due to the ac- 
celerating influence on the rate of reaction between rubber and sulfur (Figure 
14). In the next experiment, organic accelerators and sulfur were omitted from 
the rubber mixture. The mixtures contained rubber, furnace black, softener, 
and calcium hydroxide or zinc oxide. The test temperature was 143°C. The 
results shown in Figure 15 show that with zinc oxide in the heated mixture, 
structure formation does not occur; modulus does not change with time of 
heating. For mixtures containing calcium hydroxide there is observed a linear 
but not very large increase in modulus. On this basis we can conclude that the 
special activation effectiveness of calcium hydroxide in comparison with zinc 
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Fre. 15.—Structure formation effect of metal oxides in the absence of accelerator and sulfur, Ordinate: 


modulus at 300% elongation, kg/em*. Abscissa: vulcanization time, minutes. 1, with zinc oxide; 2, with 
calcium hydroxide. 


oxide is due, in part, to its independent structure formation activity and its 
influence as an accelerator of the process of reaction between rubber and sulfur. 

The next topic of this work was a study of the activity of activators in vari- 
ous industrial compounds. In some tire compounds it has been found expedi- 
ent to add magnesium oxide as vulcanization activator in place of zinc oxide; 
also to greatly decrease the concentration of zinc oxide in other compounds. It 
was found that the replacement of zinc oxide by magnesium oxide in breaker 
compounds of rod polymerized SKB causes insignificant changes in the indica- 
tors of wear resistance, but leads to a sharp increase of resistance of the rubber 
to repeated flexing, and to an increase of wear resistance of multilayer plies of 
rubber and rubber cord systems. These data were obtained with the help of 
G. A. Levitina. The fatigue resistance of samples was doubled by the use of 
magnesium oxide in place of zinc oxide (Table II). 

The other important property of magnesium oxide is that in its presence 
there is less tendency toward premature vulcanization (Table III). 
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In the above mentioned compounds with SKB, magnesium oxide, in com- 
parison with zine oxide, causes a delay of vulcanization at the beginning of the 
process. As shown in Figure 16, during the first 20-30 minutes of cure the 


Taste II 
FatiGuE REsIstaANCE OF SAMPLES 


Fatigue resistance of rubber cord 
samples on repeated flexing, cycles 


Activator “ Bending Shear 


Zine oxide 171,000 255,000 
Magnesium oxide 382,000 270,000 


modulus of the compound with magnesium oxide is lower than that of the zinc 
oxide compound, and only when the optimum cure is approached does the 
modulus of the magnesium oxide compound equal that of the zine oxide com- 
pound. Kinetics of vulcanization such as are caused by magnesium oxide re- 
sults in favorable conditions for spreading of rubber mixtures and for adhesion, 


Taste III 
CHANGE oF P.iasticiry Time or Heatine at 110° C 
Plasticity (Goodrich plastometer) 
Time of heating, minutes - 
15 30 50° 


r 


Compound Activator 


5 
Breaker compound, rod SKB — Zinc oxide 0.72 0.70 031 0.00 
0.73 0.50 


Magnesium oxide 0.74 0.68 


which, in the case of multilayers, leads to obtaining a product with increased 
stability of bonds between plies". 

Therefore, the use of magnesium oxide in compounds of SKB (particularly 
in breakers) protects the compound before vulcanization, causes more favorable 
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6.—Dynamics of change of modulus of breaker compounds of SKB. Ordinate: modulus at 300% 
yu. Tg kg/em*. Abscissa: vulcanization time, minutes. 1, with zinc oxide; 2, with magnesium oxide. 


cay 
| 
| 


538 RUBBER CHEMISTRY AND TECHNOLOGY 


kinetics of vulcanization and shows a positive influence on fatigue life. On this 
basis we can expect that the presence of magnesium oxide in tire compounds will 
favorably influence the durability of tires. Certainly the results of machine 
testing of tires (Table IV) of size 210-20 with magnesium oxide in the breaker 


TABLE IV 
Resutts oF MACHINE TESTING OF TIRES 


Average run on 
machine, km 


Sample type Rolling condition Experimental Control 


Zinc oxide in breaker Speed, 40 km/hr, 
replaced by mag- 9.5 mm cleat 11,440 5389 
nesium oxide 
Same as above The same 3126 =. 31108 
260-20. MgO in breaker and 
2 parts ZnO (in- The same 5809 = 3103 
stead of 5) 
200-20 Same as above 50 km/hr, 20 mm cleat 3480 1700 


compound and tires of size 260-20 with the same breaker compound and with 
less zinc oxide in the tread, shows that this change of recipe leads to an increase 
in durability of the tires. 


CONCLUSIONS 


1. The activation effect of metal oxides on the process of culvanization of 
nonpigmented compounds of rod polymerized sodium butadiene rubber differs 
from the effect in rodless polymerized rubber. In the latter case zinc oxide not 
only is not an activator but it retards the vulcanization process. 

2. The role of activators depends, to a large degree, on the type of vulcaniza- 
tion accelerator and active filler used. 

3. Metal oxides increase the amount of structure formation in the vulcan- 
izate. 

4. With regard to butadiene styrene rubber (SKS-30A), calcium hydroxide 
appears to have stronger activating effect on vulcanization than zinc oxide. 

5. The special effectiveness of calcium hydroxide in compounds of butadiene 
styrene rubber is a result of its independent structure forming ability and ac- 
celerating influence on the reaction between rubber and sulfur. 

6. Magnesium oxide has a positive influence on the technical properties of 
rubber and on the durability of tires prepared with butadiene styrene and 
sodium butadiene rubbers. 
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VULCANIZATION OF ELASTOMERS. 14. ROLE OF THE 
OXIDE IN VULCANIZATION WITH COMPOUNDS OF 
THE THIURAM SERIES. I* 
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INTRODUCTION 


In a paper? appearing shortly, the experimental part of which deals with the 
vulcanization of Perbunan with tetramethylthiuram monosulfide (TMTM) and 
sulfur (S) (TMTM:S = 1:1), the mechanism of the thiuram vulcanization will 
be considered generally and attempts will be made to explain results of previous 
kinetic investigations. In that paper discussions of the probability of an inter- 
mediate compound entering into the vulcanization play a special role. This 
paper reports studies whose results indicate as far as possible the origin of the 
intermediate compound and which emphasize the obviously absolute necessity 
of zine oxide for thiuram disulfide vulcanization. We have previously made 
investigations from which it may be concluded that the vulcanization reaction 
takes place in contact with zinc oxide*. Still the influence of both the thiuram 
disulfide concentration and the zine oxide content of the mixtures on the kinet- 
ics of thiuram disulfide vulcanization has not been worked out quantitatively. 
That can be done with the results given in this paper. 

We have described the preparation of the thiuram vulcanizates in former 
publications and in them have reported fully on the quantitative analysis of the 
vulcanizate extracts‘. Therefore, it is unnecessary to discuss the techniques 
since they were used with no essential changes for the work in this paper. The 
present results treat the kinetics of the thiuram disulfide vulcanization of 
natural rubber and Perbunan at (1) constant concentration of thiuram disulfide 
with increasing zine oxide addition, (2) varying content of a mixture of zinc 
oxide and thiuram disulfide at constant molar ratio, and (3) constant zine 
oxide content and self-changing concentration of thiuram disulfide. 

All experiments were carried out with pale crepe as well as with Perbunan 
2818 (both carefully purified by extraction). From the work with Perbunan 
2818 especially accurate and highly informative results were obtained, possibly 
a consequence of only unimportant variation of molecular nature on milling. 


RESULTS 


When one maintains a constant concentration of tetraethylthiuram disulfide 
(TETD) in Perbunan while increasing successively the content of zine oxide, 
then the limit of zine dithiocarbamate (ZnDEDC) formation remains unaltered 
at 66 mole% of TETD used®, and both the decrease of TETD concentration 


* Translated by Seward J. and Mary B. Averill for Russer Caemistry AND TecHNo.oey from Kaut- 
schuk und Gummi, Vol. 10, paees WT109-115, May 1957. The seven tables in the original have been 
omitted. See Reference 1 for Paper 13. 
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and the formation of ZnDEDC can be described in each case by first order 
kinetics. The TETD decrease is always the faster reaction. 

Figure 1 shows the ZnDEDC formation (left) and the TETD decrease 
(right) to be first order reactions at increasing additions of zinc oxide and con- 
stant concentration of TETD (10 millimoles per 100 g complete mixture). One 
recognizes immediately that an increase in zinc oxide content results in an in- 
crease in slope for the kinetic plots in the series A to H. In other words, the 
velocity constants of both TETD decrease and ZnDEDC increase rise with 
increasing zinc oxide content of the mixture. 

If one calculates, by means of data compiled in Tables I and II and through 
utilization of curves in Figure 1, the velocity constants of TETD decrease, 
kyp, and of ZnDEDC increase, kpc, (see Table VII, No. 1-8) and plots them 


Konstanter TATD-Gehalt: #0 
2,96 g (10 mMol) / 100 g Mischung 3 et 
Wechselnder ZnO-Gehalt: 3 
A: 5.1g= 62,5mMol 
B: 10,29 = 125,0mMol © 
15,3 g = 187,5 mMol 


: 20,49 = 250,0 mMol 
25,59 = 312,5 mMol 
30,6 g = 375,0 mMol 
35,7 g = 437,5 mMol 
40,8 g = 500,0 mMol 


A 
B 
c 
F 
G 
H 
4 0 20 90 40 90 60 70 80 90 Wo 0 2 30 60 50 60 70 60 90 100 
t ( min} t (mint 
W Fie. 1.— of TETD decrease and ZnDEDC increase according to first order kinetics in vul- 


canization of Perbunan 2818 with TETD: TETD concentration constant, zinc oxide content rising A to H. 
Vulcanization temperature 120° C. 


as a function of the zinc oxide content (millimoles or g in 100 g of mixture), 
then there results, as Figure 2(1) shows for both velocity constants, a linear 
dependence which can be written as follows: 


kop = + (1) 
= + (2) 


In the equations °k4.p and °ki,, mean the velocity constants of TETD decrease 
and of ZnDEDC formation for [ZnO] = 0, and a and 6 are constants—that is, 
the increase of the velocity constants kip and kko brought about by a unit 
quantity of [ZnO]. The constant a is dependent upon the TETD concentra- 
tion, i.e., a = f[TETD]. One observes that and are not experi- 
mental quantities, rather, they are the ordinate intercepts of both lines in 
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Figure 2(1)®. From Equations (1) and (2) one obtains for the constants 


_ — *krp) 


ZnO] (3) 
(kbe — "kbo) 


Figure 3 shows the kinetics of TETD decrease and ZnDEDC increase under 
the condition that the TETD concentration and the zine oxide content of the 
mixture are altered simultaneously so that the molar ratio [ZnO]:([TETD] 
remains constant. In the present case it amounts to 12.5. One sees that 


Konstanter TATD- Gehalt: Konst.Verhdalinis Kanstanter ZnO -Gehalt: 
2.96 g (10 mMol) | 100 g Mischung (TATD) : [ZnO] 20,4 g (250 mMol) | 100 g Mischung 


Wechseinder 
Gesamtgehalt: 

1,48: S.1g 

2.96 : 
$,.92 20.4g 
7,4: 25.59 
30.6 


Wechselnder ZnO-Gehalt Wechselnder TATD-Gehalt 


experimentel! ermutteit 
© aus Kurve (1) entnommen 


ances 
> 
+ 


hoc Koc I I 


1 1 L 1 L 1 1 

102 153 204 255 306 357 408 g 197 296 466 §92 ase 
625 125 1875 250 3125 375 4375 500 mmol 667 © % 20 40 
n0-Gehait TATO-Genait 


Fie. 2.—Variation in velocity constants of TETD decrease, Be, and of ZnDEDC increase, aks. as it 
depends upon zine oxide content and TETD concentration in vulcanization of Perbunan 2818 with TETD 
at 120°C. (1): Meo and kbe as functions of zine oxide content at constant TETD concentration. (2): 
wo and kbo as functions of zine oxide content with increasing amounts of a ‘“‘constant ratio’ mixture of 
(ZnO] and [TETD]. (3): kbp and kbe as functions of TETD concentration at constant zinc oxide con- 
tent. 


TETD decrease (Figure 3, right) and ZnDEDC increase (Figure 3, left) still 
comply with first order kinetics. The greater the amount of zinc oxide-TETD 
mixture (ratio = 12.5) added to the vulcanization mixture, the steeper are the 
lines representing ZnDEDC formation; i.e., the velocity constant of ZnDEDC 
formation becomes accordingly greater. On the other hand, the lines repres- 
enting TETD decrease are practically parallel’; i.e., the velocity constant of 
TETD decrease does not change under these conditions. 

From the analytical data for TETD and ZnDEDC plotted in Figure 3 one 
can calculate the velocity constants kip and kh. (see Table VII, No. 9-14). 
Plotting these constants against zinc oxide content one obtains a linear rise for 
kbo and a line parallel to the abscissa for kip. Under these conditions khp is 
considered constant. Particularly it appears that the Curves II in Figure 2(1) 
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and 2(2) (similar scales for the abscissa) are parallel to one another. From this 
one concludes that the velocity constant of ZnDEDC formation is dependent 
upon the zine oxide content and independent of TETD concentration. On the 
other hand, it appears that the velocity constant of TETD decrease responds to 
the [ZnO]: [TETD] mixing ratio. Therefore, Equation (2) for the variation 
of velocity constants of ZnDEDC formation retains its validity and the con- 
stant 6 in Equation (4) is independent of TETD concentration. 

What happens when one uses a mixture with a constant zine oxide content 
(250 millimoles in 100 g mixture) while successively increasing the TETD con- 
centration is presented graphically in Figure 4. It shows that the velocity 
constant of ZnDEDC formation remains the same, since the curves in Figure 4, 
left, are practically parallel lines*. That is logical because, as emphasized al- 


Konstantes Verhdltnis (TATD) : [ZnO] 


Wechselnder Gesamtgehalt: 
: 1,48: 5,19 (5: 62,5 mMol) 
2,96 : 10,2. g (10: 125,0 mMol) 
: 4,44:15,3g (15: 187,5 mMol) 
§,92: 20,4. (20: 250,0 mMol) 
: 7,40: 25,5g (25 : 312,5 mMol) 
8,88 : 30,6 g (30 : 375.0 mMol) 
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Fie. 3.—Pr of TETD decrease and ZnDEDC increase according to first order kinetics in vul- 
canization of Perbunan 2818 with TETD: ing ofa t ratio” mixture of [ZnO] and 
{TETD]. Vulcanization temperature 120° C, 


ready, the velocity constant of ZnDEDC formation depends upon the zinc 
oxide content which is held constant in this study. In comparison, the velocity 
constants of TETD decrease decline in the series of curves A through F (Figure 
4, right) as shown by the changing slopes of lines A through F. With constant 
zine oxide addition the velocity constants of TETD decrease decline with in- 
creasing concentration of TETD. That is also understandable since the 
velocity constant of TETD decrease depends upon the molar ratio [ZnO]: 
[TETD] which itself varies continuously in this study and becomes smaller in 
the series A to F. 

In Figure 2(3) the velocity constants kp and k}¢ are plotted against the 
TETD concentration (millimoles or g in 100 g of mixture) (see the values in 
Table VII, No. 15-20). While the velocity constant of ZnDEDC formation 
follows a line parallel to the abscissa (kbc = constant), the velocity constant of 


oo o o 
se 


VULCANIZATION 543 


TETD decrease diminishes along the leg of a hyperbola and appraoches a limit, 
namely 

The results described, which are all obtained for the vulcanization of Per- 
bunan 2818 at 120°C, are likely to appear basic at other temperaturesalso. The 
reason for this will be given later since closer investigation of the temperature 
dependence of the relationship has required an extraordinary amount of work. 
Finally, no reason exists for the assumption that other tetraalkylthiuram di- 
sulfides should yield something other than those for TETD. 

That the same results are obtained by work with natural rubber is illustrated 
by Figure 5 which shows that with constant concentration of TETD, but in- 
creasing additions of zine oxide, the velocity constants of TETD decrease and of 
ZnDEDC increase both rise (Curves I and EI). Figure 5 shows also that by 


Konstanter ZnO-Gehalt: 
20,4 g (250 mMol) {| 100 g Mischung 


Wechselnder TATD-Gehalt: 
1,979 = 6,67 mMol 
2.96 g = 10 mMol 
15 mMol 
20 mMol 
30 
= 40 mMol 


} 
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Fig. 4.—Progress of TETD decrease and of ZnDEDC increase according to first order kinetics in vul- 
canization of Perbunan 2818 with TETD: constant zine oxide content, increasing TETD concentration 
Ato F. Vulcanization temperature 120° C. 


successive additions of a mixture of TETD and zine oxide of the same molar 
ratio, the velocity constant of TETD decreases does not vary (Curve III) while 
that of ZnDEDC formation increases (Curve IV). Indeed Curves II and IV 
practically coincide, which is as it should be*®. In principle the same situation 
holds for TETD vulcanization of natural rubber as for the corresponding ex- 
periments with Perbunan 2818. However, Curves I, II, and IV of Figure 5 
display slight curvatures which is not the case in similar curves in Figure 2. It is 
possible that the high accuracy of measurement with Perbunan, as revealed in 
Figures 1-4, is traceable to the fact that Perbunan displays practically no deg- 
radation during milling; therefore, one always works with a starting material 
which remains the same in the final compound. This is not assured with 
natural rubber ; and since it is very difficult for compounds having such different 
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amounts of zine oxide and TETD in natural rubber to keep the milling times 
constant, one should expect a difference in the amount of degradation of rubber 
in different compounds. It is possible that the degree of curvature of the curves 
in Figure 5 can be taken as a measurement of the scattering of points. 

Based on the results found in formulating the equations, it is pointed out, 
for a given Perbunan of constant average degree of polymerization that, thiuram 
vulcanization can always be calculated. 

In view of the relationships exhibited in Figure 2, one can express the veloc- 
ity constant, k}p, for the molar ratio [ZnO]: (TETD] as follows 


, [ZnO] 
FTETD] (5) 
Here "k}p is equal to kp when [ZnO] = 0 and a’ is a constant. For the con- 
stant, a’, the following equation is given. 
q’ = (krp [TETD] (6) 
a ZnO ] 


Konstanter TATD-Gehalt: Konstantes Verhaltnis 
2,96 g (10 mMol) | 100 g Mischung | (TATD) : [ZnO] 


Wechselnder 
Gesamtgehalt: 


2,5: 31,25 mMol 
5 : 62,5 mMol 
7,5: 93,75 mMol 
10 :125 mMol 
20 :250 mMol 
30 :375 mMol 


Wechselnder ZnO- Gehalt 
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31,25 625 125 250 375 500 290-Gehalt 
Fia. 5.—Variation of velocity constants of TETD decrease, krp,, and of ZnDEDC increase, Dg, as it 
depends upon zinc oxide content and TETD concentration in vulcanization of natural rubber with TETD 
at 120°C, Curves I and II: Dependence of kip and ko upon zine oxide content at constant TETD con- 


centration. Curves III and IV: Dependence of kh and kpo upon zine oxide content with increasing 
amounts of a “constant ratio” mixture of [ZnO] and (TETD). 
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From the data in Column 6, Table VII, good uniformity is found for the values 
of a’ calculated from Equation (6) for Perbunan 2818 on vulcanization with 
TETD at 120°C. A mean value of a’ = 21.2 X 10 is found. Equation (5) 
expresses that the velocity constant, kp, is a hyperbolic function of the TETD 
concentration at constant zinc oxide content, and particularly one obtains k}-p 
= "ki. when [TETD]—> ~, shown also in Curve I in Figure 2(3). 

By combining Equations (3) and (6) one obtains 


, 


a’ =alTETD] and a [TETD] (7) 
Division of Equation (3) by Equation (4) and substitution for the constant, a, 
according to Equation (7) gives 


a’ *kbe — 


BETETD] kbp — Fhe) 


b 
Thus, } is a constant independent of TETD concentration. The uniformity of 
b for the entire series of experiments comes out in the data of Column 7, Table 


VII. A mean value 6 = 6.03 < 107 is calculated. 
Furthermore, one obtains by transformation of Equation (8) 


I I I 


ktp — 


; (TETD] = af[TETD] (9) 


In the present case one obtains by substitution of a’ = 21.1 K 10-%, b = 
6.03 = 22.2 x 10-%, and = 3.2 X 10-%, a value for the con- 
stant a = 4.1 x 10°°. 

From Equation (9), related expressions appear for the velocity constants 
kip and kh. These should be valid with the known a and the values of “kip 
as well as °k},.. for each TETD vulcanization. 


I 
kpc 


kbo = + a@[TETD — p) (11) 


Hip = "tbe + 


(10) 


Specifically, Equation (5) to (11) express what we have noted repeatedly in 
previous publications, namely that the TETD decrease and the ZnDEDC in- 
crease processes are related reactions. It is clearly apparent that vulcanization 
starts with the TETD decrease which takes place in contact with zine oxide. 
Therefore, one must also assume that the recently discussed intermediate com- 
pound is formed with zine oxide. 

The preceding formal calculations and equations show that the kinetics of 
TETD vulcanization conform to certain laws which are related to the constitu- 
ent concentrations and are fulfilled exactly by Perbunan. With the knowns a, 
%», and %l,., Equations (10) and (11) permit the calculation of velocity 
constants of ZnDEDC formation from velocity constants of TETD decrease 
at a given TETD concentration, and conversely. However, if one has once 
measured exactly the relationships corresponding to Figures 2(1) and 2(2) 
whereby it is sufficient to determine for the individual curves only a single point 
absolutely, then the velocity constants krp and kpc can be calculated for any 
mixture whatever. It is seen that it is fundamentally possible to treat the 
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entire TETD vulcanization of a given Perbunan mathematically, which allows 
the tentative assumption that it is possible also in other cases. 

In a previous paper” it was shown that, in TETD vulcanization of natural 
rubber, ZnDEDC formation and the crosslink reaction measured by the recipro- 
cal swelling index are similar rate processes. Therefore, in practice, the 
ZnDEDC formation and the reciprocal swelling index are the more important 
results of TETD vulcanization. Even though no knowledge exists of the 
kinetics of tle crosslink reaction with Perbunan, there is no reason for the as- 
sumption that the relationships between crosslinking and ZnDEDC formation 
found for natural rubber should not also be valid for Perbunan". In any case, 
one may assume that the velocity constants of crosslinking can be calculated 
from the same Equation (2) as the ZnDEDC formation, so that in practice one 
can confine himself to the kinetics of the reciprocal swelling index. However, 
it is recommended that one find the functional dependence of the limiting value 
of the swelling index upon the TETD concentration, from which one can make 
definite statements about the degree of crosslinking. 

These considerations seem noteworthy for practical use since one can cal- 
culate from the velocity constants the times, expressed in hours, within which 
the reaction reaches a degree of completion [50%, 75%, and the like); i.e., it 
must also be possible to figure out curing times from knowledge of the velocity 
constants. For example, one can calculate from the velocity constants of the 
reciprocal swelling index, the curing time which must be used to obtain 75% 
or 50% of the possible crosslinking, etc. Corresponding considerations are 
naturally also possible with natural rubber. If care is taken to hold the degree 
of breakdown of the rubber constant, the curing time necessary to attain a 
determined degree of crosslinking should be calculable in the same way. 

Of particular importance will be investigations the aim of which is to derive 
the relations between the kinetics of TETD vulcanization as shown by chemical 
reactions and conventional tension values obtained at the same time. It would 
be appropriate to draw on the kinetics of swelling to relate the chemical reaction 
and the physical property. Such investigations will be taken up on a broader 
basis in our institute. 


SUMMARY 


The present paper is concerned with the influence of TETD concentration 
and of zinc oxide content upon the kinetics of the vulcanization of natural rubber 
and Perbunan 2818 with TETD. The following results were obtained for vul- 
canization at 120° C. 

1. The velocity constants of TETD decrease and ZnDEDC formation are 
linear functions of the zine oxide content at constant TETD concentrations. 

2. If TETD and zinc oxide are present in constant molar mixing ratios, then 
the velocity constant of TETD decrease is independent of the amount of the 
mixture while that of ZnDEDC formation rises linearly with zine oxide addi- 
tion. 

3. The velocity constant of TETD decrease diminishes with increasing 
TETD concentration when the zine oxide content of the mixture is held con- 
stant. Under these conditions the velocity constant of ZnDEDC formation 
remains unchanged. 

4. Everything shows that the velocity constant of ZnDEDC formation de- 
pends only on the zine oxide content of the mixture while that of TETD de- 
crease is dependent on the molar ratio of zinc oxide and TETD. 
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5. The relationships found are expressed mathematically, and the practical 
significance of the relationships is pointed out. 
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VULCANIZATION OF ELASTOMERS. 18. 
VULCANIZATION OF NATURAL RUBBER 
WITH SULFUR IN THE PRESENCE 
OF MERCAPTOBENZOTHIAZOLE. III * 


Orro LoRENz AND ELIsaBEetH Ecute 


Tae Rosser Instirvre at THE TecaniscHe Hocuscnute, Hannover, GerRMANY 


INTRODUCTION 


The kinetics of the sulfur vulcanization accelerated by mercaptobenzothi- 
azole have been described in two previous publications'*. It was shown, among 
other things, that both the decrease in the concentration of sulfur and the 
change of the reciprocal equilibrium swelling with time of vulcanization obey a 
first order rate law. These two processes occur at the same rate if the mixture 
(compounded stock) contains mercaptobenzothiazole or its zinc salt along with 
the sulfur and zine oxide. If, however, zinc stearate is added to the mixture, 
the change with time of the reciprocal equilibrium swelling, which provides a 
measure of the crosslinking reaction, proceeds faster than the decrease in the 
sulfur. Moreover, the activation energies of the two processes are greatly 
reduced by the addition of zinc stearate. The decrease in the mercaptobenzo- 
thiazole concentration is temperature dependent in the absence of zinc stearate 
but not in its presence. The decrease in mercaptobenzothiazole follows a first 
order law in the presence of zinc stearate and has approximately the same rate 
as the decrease in sulfur. 

In a vulcanization involving only sulfur, zinc oxide and mercaptobenzo- 
thiazole obviously only a few crosslinks are formed, since the products obtained 
exhibit very slight elasticity. This may be seen also in the comparatively high 
degree of swelling of the vulcanizate. Since the physical properties of the vul- 
canizates can be markedly improved by addition of zinc stearate, it appeared 
desirable to investigate in a quantitative manner the influence of the individual 
compounding ingredients (mercaptobenzothiazole, zinc stearate, sulfur and 
zine oxide) on the decrease in the concentration of the sulfur as well as the mer- 
captobenzothiazole and the change with time of the reciprocal equilibrium 
swelling. 

The influence of the mercaptobenzothiazole and zine stearate (constant 
concentration of sulfur) on the kinetics of this vulcanization has already been 
described?. An important result of these studies was that the velocity con- 
stants for the sulfur decrease and the reciprocal equilibrium swelling, for a con- 
stant amount of zinc stearate, increase up to a mercaptobenzothiazole-zinc 
stearate molar ratio of about 4:1. Addition of mercaptobenzothiazole over and 
above this molar ratio causes no further rise in the velocity constants. Yet, if 
the stearate content is increased further, then increasing additions of mercap- 
tobenzothiazole cause a renewed increase in the velocity constants until such 


* Translated by M. A. Golub for Russer Cuemistry AND TecHNo.Locy from Kautschuk und Gummi 10, 
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time as the mixture again corresponds to a molar ratio of 4:1. Through the 
additions of mercaptobenzothiazole and zinc stearate in the molar ratio of 4:1 
maximum accelerations of vulcanization are often obtained. This is clearly 
true for all vulcanization temperatures as was seen in the previous experiments, 
similar to those considered here. 

We have concluded from these results that the acceleration of vulcanization 
involves an interaction of zinc stearate and mercaptobenzothiazole or its zinc 
salt, without, of course, being able to state exactly just how this may be demon- 
strated. 

An examination of the results obtained with respect to the various functional 
relationships had shown that: 


1. The velocity constant of the sulfur decrease, which is a first order proc- 
ess, is a linear function of the mercaptobenzothiazole content. 

2. The velocity constant of the varying reciprocal equilibrium swelling, 
which likewise follows a first order reaction, increases linearly with the square 
root of the mercaptobenzothiazole content. 


This is valid, however, only so long as the mercaptobenzothiazole-zinc 
stearate molar ratio is smaller than 4. 

The investigations had also provided an insight into the degree of crosslink- 
ing attained at times, for which the limiting reciprocal equilibrium swelling is a 
suitable measure. It could be further shown that the amount of mercapto- 
benzothiazole does not influence the degree of crosslinking. However, the 
action of the zinc stearate is always tied in with the presence of the mercapto- 
benzothiazole according to a linear function of the square root of the stearate 
content. 


The present paper deals with the influence of the concentration of sulfur 
and the zine oxide content on the kinetics of vulcanization. 


RESULTS AND DISCUSSION 


THE MERCAPTOBENZOTHIAZOLE-ACCELERATED VULCANIZATION WITH VARIATION 
IN INITIAL SULFUR CONCENTRATION 


The experiments were all carried out with mixtures containing 2.11 g of 
mercaptobenzothiazole, 2.00 g of zinc stearate (molar ratio, 4:1) and 4.07 g of 
zinc oxide with varying concentrations of sulfur. The vulcanization tempera- 
ture was 120° C in all cases. The analytical results (uncombined sulfur as well 
as unconsumed accelerator in per cent and the reciprocal equilibrium swelling, 
1/Q,) are given in Table I, while the calculated velocity constants are presented 
in Table II. Since zine benzothiazolylmercaptide is very rapidly formed from 
mercaptobenzothiazole and zine oxide during vulcanization, the sum of mer- 
captobenzothiazole and its zinc salt was determined. The values calculated 
for this sum are given in Table I. The degree of swelling, Q,, is expressed in 
terms of the amount of absorbed solvent (benzene) in grams per gram of vul- 
canizate. 

At all initial concentrations of sulfur the decrease in sulfur is a first order 
reaction, so that plotting the logarithm of the uncombined sulfur against the 
time of vulcanization gives a straight line (Figure 1). The slope of the curves 
is bigger the smaller the initial concentration of sulfur. Although considerable 
effort was made to insure uniform conditions of mastication and mixing of 
ingredients in all the runs, induction periods decreased with increasing initial 
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concentration of sulfur and finally became negative (prevulcanization), as may 
beseen from Figure 1. The calculated velocity constants, ks!, were then plotted 
against the initial concentration of sulfur, [S]Jo, as in Figure 2, from which it is 
seen that ks! approaches a limiting value corresponding to the velocity constant 
of the stearate-free vulcanization (0.15 X 10-? min~'). Since a hyperbolic re- 
lationship is involved here, plotting ks! against the reciprocal of the initial sulfur 
concentration gives a straight line as seen in Figure 3. In the vulcanization of 
rubber (Perbunan 2818) with thiuram disulfide in the presence of zine oxide’ 
the velocity constant of the thiuram decrease is inversely proportional to the 
initial concentration of the thiuram disulfide. This analogy is noteworthy and 
it raises the question of whether, for other vulcanizing systems, similar relations 


TABLE I 


Errect or InrriAL SutFuR CONCENTRATION ON THE VULCANIZATION 
or Natural RusBer at 120° C 


Recipe: Mercaptobenzothiazole 2.11 g (12.64 millimoles) 
Zinc stearate 2.00 ( 3.16 millimoles) 
Zinc oxide 4.07 (25.0 millimoles) 
Sulfur Variable 
Pale crepe Sufficient to make up 
103 g of stock 


(A) 0.80 g (25 millimoles) Sulfur 


Vulc. time, min 20 25 30 40 50 60 
Uncombined 8, % 43. 28.2 20.2 8.4 3.6 1.8 
Unconsumed accelerator, % ( 94.7 93.8 92.9 92.4 92.0 
1/Q: (Benzene) 0. 0.101 0.116 0.131 0.138 0.137 


(B) 1.60 g (50 millimoles) Sulfur 


Vulc. time, min 30 40 50 60 
Uncombined 8, % } : 33.5 22.6 14.2 8.0 
Unconsumed accelerator, % 93.5 91.9 91.2 90.6 
(Benzene) 0.119 0.156 0.177 0.187 0.195 


(C) 3.20 g (100 millimoles) Sulfur 


Vulc. time, min 20 30 40 60 80 
Uncombined 8, % ‘ 72.8 58.1 46.0 30.6 ; 
Unconsumed accelerator, % q 94.5 92.4 89.4 85.8 84.4 
1/Q; (Benzene) J 0.104 0.176 0.209 0.239 0.253 


(D) 4.80 g (150 millimoles) Sulfur 


Vulc. time, min 20 30 40 60 80 
Uncombined 8, % ‘ 71.7 59.7 51.3 38.0 26.5 
Unconsumed accelerator, % : 92.1 90.0 87.5 84.2 81.7 
(Benzene) 0.175 0.228 0.251 0.282 0.295 


(E) 6.4; g (200 millimoles) Sulfur 


Vulc. time, min 20 30 40 60 80 
Uncombined 8, % : 72.3 65.4 53.8 41.3 34.1 
Unconsumed accelerator, % 


1/Q; (Benzene) 0.205 0.254 0.279 0.299 0.310 


(F) 9.60 g (300 millimoles) Sulfur 


Vulc. time, min 60 80 100 

Uncombined 8, % : ; ; 55.3 46.2 41.8 

Unconsumed accelerator, % 3 ; 81.5 77.6 75.9 72.6 
1/Q; (Benzene) 0.320 0.341 0.359 0.371 
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Fia. 1.—The first order decrease of sulfur for various initial concentrations 
of sulfur. See Table I for description of A to F. 
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Fia, 2.—The dependence of the velocity constant ks! on the initial sulfur concentration. 
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Fria. 3.—The dependence of the velocity constant ks! on the reciprocal of the 
initial sulfur concentration. 


exist between the velocity constants of the decrease in the vulcanizing agent aud 
its initial concentration. Such crosslinking reactions were distinguished from 
chemical reactions catalyzed by acids and bases in one important respect: for 
the latter reactions the velocity constant of the decrease in the reacting material 
is independent of its concentration and proportional only to the concentration 
of the catalyst. 

After the detailed statement in the first section, it is understandable that, 
for the experiments under discussion here, the change with time of the reciprocal 
equilibrium swelling follows a first order law, as indicated in Figure 4. The 
curves in this figure are all displaced somewhat along the abscissa for purposes 
of clarity. The beginning of the heat-up period of the mixtures to bring them 
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Fia, 4.—The first order change with time of the reciprocal i cena 
swelling for various initial sulfur concentrations 
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Fia. 5.—Thejdependence of the velocity constant kg! on the initial sulfur concentration. 


to the vulcanization temperature is marked by an arrow, and the start of the 
reaction is indicated by a vertical line for each curve. Furthermore, it is seen 
that the induction periods become smaller and finally even negative with in- 
creasing sulfur content. A comparison with Figure 2 reveals that the crosslink- 
ing reaction and the sulfur decrease always set in at the same time. Figure 4 
shows also that the velocity constants of the crosslinking reaction are smaller 
the higher the initial concentration of sulfur. This is seen even more clearly in 
Figure 5 where the calculated velocity constants are plotted against the initial 
concentration of sulfur, [S]o. A curve is obtained similar to that for the de- 
pendence of the velocity constants of the sulfur decreage on the initial concen- 
tration of sulfur (see Figure 2). In this case kg! is proportional to the square 
root of the reciprocal initial concentration of sulfur. Figure 6 shows the 
straight line plot of kg™ against [S]o-!. It was mentioned that the quotient 
kg'/ks! approaches the value of one at small initial concentrations of sulfur so 
that the crosslinking reaction and the sulfur decrease would then have the same 
rate. With increase in the amount of sulfur this quotient gets larger and at 10 
weight per cent of sulfur, for example, has the value of 4. The swelling meas- 
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Fic. 7.—The dependence of the reciprocal equilibrium swelling on the 
square root of the initial sulfur concentration. 


urements also provide data for the maximum number of crosslinks formed 
(given by 1/Q..), which increases with increasing initial concentration of sulfur. 
An investigation of the functional relationship leads to the result that 1/Q,, is 
proportional to the square root of the initial concentration of sulfur, [S]o', as 
may be seen in Figure 7. The straight line does not cross the ordinate at the 
origin but rather at 1/Q,, = 0.055. This is noteworthy since it indicates that 
a part of the crosslinking is not brought about by sulfur. This additional 
crosslinking is related to the presence of zinc stearate, and, as can be shown, 
1/Q.. is proportional to the square root of the stearate content?. We had pre- 
viously noted that zinc stearate is not a vulcanizing agent ; thus, no crosslinking 
occurs when rubber is heated with zinc stearate alone. Furthermore, it was 
observed that in vulcanization with sulfur in the presence of zinc oxide and zinc 
stearate the stearate had no influence on the degree of crosslinking. It is there- 
fore clear that the increase in degree of crosslinking by zine stearate in the 
presence of mercaptobenzothiazole can be explained on the basis of a selective 
reaction of sulfur with rubber, possibly tied in with the preferred creation of 
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Fia. 8.—The decrease of the accelerator for various initial sulfur concentrations. 
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crosslinks of definite constitution. This is the case, for example, with the 
alteration of the ratio of intra- to intermolecular reaction between sulfur and 
rubber in favor of the intermolecular, but also in the case where the portion of 
the polysulfide bonds drops compared to the mono- and disulfide bonds. 
Further experiments will have to be performed in order to explain the action of 
the zinc stearate. 

The decrease in the concentration of mercaptobenzothiazole as a function 
of the vulcanization time ¢ is given in Figure 8. The higher the initial con- 
centration of sulfur the more mercaptobenzothiazole which is consumed in the 
vulcanization reaction. A doubling of the sulfur concentration, for example, 
results approximately in a doubled consumption of mercaptobenzothiazole. 
The change of the amount of accelerator with time likewise follows a first order 
process, as may be seen by plotting the logarithm of the residual accelerator 
(maximum consumption = 100) against the vulcanization time (Figure 9). 
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Fig. 9.—The first order decrease of the accelerator (maximum consumption = 100) 
for various initial sulfur concentrations. 


It is notable that the velocity constants of accelerator decrease agree essentially 
with those of sulfur decrease (see Table I, columns 8 and 4) ; in other words, the 
corresponding changes in concentration of mercaptobenzothiazole and sulfur 
occur at the same rate. 


EXPERIMENTAL RESULTS FOR THE VARIATION 
IN ZINC OXIDE CONTENT 


A study of the influence of the zinc oxide content on the kinetics of vulean- 
ization is another topic worthy of investigation. Accordingly, compounds 
weighing 103 g and containing a constant amount of sulfur (3.20 g), mercapto- 
benzothiazole (2.11 g) and zine stearate (2.00 g) with increasing amounts of 
zine oxide (2.04, 4.07, 8.14, 12.21 and 16.28 g) were vulcanized at 120°C. A 
consideration of the analytical results (not particularly presented here) showed 
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that the first order velocity constants of the sulfur decrease and the change with 
time of the reciprocal equilibrium swelling are essentially not influenced by a 
variation in the zine oxide content. A small decrease of the constants with in- 
creasing amount of zinc oxide could be explained as a dilution effect. Also, 
1/Q.., which is a measure of the maximum attainable degree of crosslinking, 
does not change with increasing amount of zine oxide. 

In the absence of zinc oxide entirely different conditions exist. Thus, not 
only is the velocity constant for sulfur decrease reduced, but in addition the 
maximum attainable degree of crosslinking becomes smaller. The calculated 
velocity constant, ks!, in the absence of zinc oxide was 1.16 X 10-* min~, while 
in the presence of 4 weight per cent of zinc oxide in an otherwise identical com- 
pound it was 2.21 X 10-* min~. Moreover, the reciprocal equilibrium swell- 
ing displays a maximum over the time of vulcanization, i.e., it undergoes a re- 
version. Consequently, the determination of 1/Q,,, obtained by means of an 
extrapolation of the function log 1/Q,; = f(1/t) to 1/t—> 0, is quite uncertain’. 
The reversion thus points to the formation, in the absence of zinc oxide, of 
thermally unstable polysulfide bridges in greater number*. It is necessary, 
therefore, to attribute to the zinc oxide also a selective reaction similar to the 
one already invoked to account for the action of zinc stearate. Thus, no change 
in 1/Q,, takes place with a change in the amount of zinc oxide, the action of the 
latter apparently being independent of its amount. 


EMPIRICAL EQUATIONS DESCRIBING THE DEPENDENCE OF THE CON- 
STANTS kg!, kg! AND 1/Q. ON THE COMPOSITION OF THE MIXTURE 


THE VELOCITY CONSTANT OF THE SULFUR DECREASE, ks! 


The experiments on the vulcanizates, which contained mercaptobenzothi- 
azole, zinc stearate and zinc oxide in addition to sulfur, led to the result that 
ks! is inversely proportional to the initial concentration of sulfur, [S Jo, directly 
proportional to the accelerator content, [B]o and independent of the amount of 
zine oxide. Since the increase in the velocity constants for sulfur decrease in 
the present case is produced by an interaction of mercaptobenzothiazole and 
zine stearate, both the initial content of the mercaptobenzothiazole and that 
of the zinc stearate are contained in[B]o. Since ks! at constant stearate con- 
tent and increasing addition of mercaptobenzothiazole increases linearly until 
the mercaptobenzothiazole-zinc stearate molar ratio reaches 4:1, the particular 
concentration of the thiazole must always be inserted in [B]o when the specified 
molar ratio is not exceeded. On the other hand, if the mixture contains even 
more mercaptobenzothiazole, that concentration must be inserted in [B]o 
which corresponds exactly to that molar ratio. From a consideration of the 
velocity constants for stearate-free vulcanization the following expression is 
obtained for kg!: 


‘}o 


(1) 


°ks' is the velocity constant for the sulfur decrease in a stearate-free vulcaniza- 
tion and a and b are constants which may be determined from the slopes of the 
linear functions kg! = f[B]o (see Figure 9 of Paper XIII in this series) and ks! 
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= g(1/[S]o) (see Figure 3). Since sulfur decrease is a first order reaction in 
all the cases studied, it is also true that 


_ 1), Sh (2) 


The following differential equation is then obtained for the velocity of sulfur 
dt 


decrease, — 


}o 
Jo 


In this equation the first term equals the reaction velocity in the absence of 
stearate, while the second term expresses the contribution to the reaction veloc- 
ity of the acceleration resulting from the mercaptobenzothiazole and zinc 
stearate. 


THE VELOCITY CONSTANT FOR THE RECIPROCAL 
EQUILIBRIUM SWELLING, kg! 


The velocity constant for the change with time of reciprocal equilibrium 
swelling, kg, is likewise independent of the amount of zinc oxide present, yet 
inversely proportional to the square root of the initial concentration of sulfur, 
[S]o-?, and proportional to the square root of the initial concentration of the 
accelerator, [B]'. Consequently, the following expression for kg! is obtained 
from a consideration of the velocity constants for stearate-free vulcanization : 


Bo! 


= kg! + (4) 


Thus, for vulcanization without zinc stearate, sulfur decrease and the change 
with time of the reciprocal equilibrium swelling occur at the same rate, i.e., 
kg! = kg!. The constants a’ and b’ can likewise be determined graphically. 
As shown experimentally, b = b’, so that the two straight lines in Figures 3 and 
6 have the same slope. 


THE RECIPROCAL EQUILIBRIUM SWELLING, 1/Q, 


The number of crosslinks formed—measured by the limiting value of recipro- 
cal equilibrium swelling—is independent of the amount of mercaptobenzothi- 
azole and zinc oxide. However, at constant initial concentration of sulfur it is 
proportional to the square root of the stearate content: 


(1/Q..)s is the limiting value of the reciprocal equilibrium swelling in the ab- 
sence of zinc stearate, c is a constant which can be calculated from the slope of 
the function 1/Q,. = f[St]'. 
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A similar equation is obtained for 1/Q,, if the initial content of zinc stearate 
is held constant and the initial concentration of sulfur varied, namely, 


1 1 
Q. (2 (6) 


(1/Q..) se represents the contribution to the over-all 1/Q,, from the stearate and 
d is a constant which can also be determined graphically. 


SUMMARY 


The present work is concerned with the influence of the concentration of 
sulfur and the zine oxide content on the kinetics of the vulcanization of natural 
rubber with sulfur in the presence of mercaptobenzothiazole, zinc stearate and 
zine oxide. The following results were obtained. 

1. The velocity constant of the sulfur decrease, kg!, is inversely proportional 
to the initial concentration of sulfur. 

2. The velocity constant of the change with time of the reciprocal equilib- 
rium swelling, kg!, is inversely proportional to the square root of the initial 
concentration of sulfur. 

3. The limiting value of the reciprocal equilibrium swelling, 1/Q,, (degree 
of crosslinking), at constant stearate content, is proportional to the square root 
of the initial concentration of sulfur. 

4. The amount of accelerator consumed during vulcanization increases with 
increase in the initial amount of sulfur. The decrease in the accelerator is a 
first order reaction having approximately the same rate as the decrease of sulfur. 

5. The velocity constants of the sulfur decrease and the change with time 
of the reciprocal equilibrium swelling are practically independent of the amount 
of zine oxide. Other situations exist, of course, for compounds without zinc 
oxide. 

6. Empirical equations were derived to express the dependence of the con- 
stants ks!, kg! and 1/Q,, on the composition of the mixture. 
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EFFICIENCY OF TMTD VULCANIZATION * 


E. M. Bevinacqua 


Unitep States Rusper Company, Wayne, New Jersey 


Tetramethylthiuram disulfide (TMTD), together with a sufficient amount 
of zine oxide, is the simplest and most efficient vulcanizing agent known for 
introduction of sulfur crosslinks into rubber'. No other combination ap- 
proaches it in efficiency over a wide range of temperatures, although under 
limited conditions sulfur cures can be obtained with approximately as high a 
crosslink density per mole of vulcanizing agent’. 

The stoichiometry of vulcanization with this curative has been explored in 
some detail in recent work of Scheele and coworkers*. They have confirmed 
the observation by Jarrijon* that during vulcanization dithiocarbamate is 
formed equivalent to close to two-thirds of the TMTD taken. The generality 
of this result was established in an exhaustive series of experiments, covering a 
range of structures of thiuram disulfide and of polyolefin, of temperature, and 
of concentration of reactants. 

A tentative mechanism for the reaction of vulcanization with TMTD was 
outlined by Bielstein and Scheele’. In order to account for the high yield of 
dithiocarbamate, they adopted a suggestion advanced by Craig and coworkers® 
that a disulfide radical of the form: 


R.NCSS- 


is a key intermediate. The proposed mechanism predicts the observed ratio 
of dithiocarbamate formed during vulcanization to TMTD taken, and several 
other features of it appear to be subject to ready experimental test. Results 
obtained in this laboratory suggest that the mechanism of Bielstein and Scheele 
predicts accurately the stoichiometric relationships between the curative and 
sulfur in the vulcanizate and crosslinks formed, although there is some ques- 
tion as to details of the mechanism, which will be discussed separately. 

This communication reports the results of a simple experiment designed to 
determine the ratio of firmly bound sulfur to crosslinks in an efficiently cured 
vulcanizate. Published estimates range from about one atom per crosslink 
to four? 

The careful work of Moore and Watson" has given evidence that di-tert- 
alkyl peroxides are probably nearly 100% efficient in the crosslinking of natural 
rubber. Assuming this to be true, we have compared the modulus of simple 
natural rubber compounds cured with cumyl peroxide and with TMTD. 
Since zine oxide is required for cure with the latter compound, it was added to 
both series of samples to avoid masking of the modulus of the presence of filler. 
Both sets of compounds were cured in a platen press to full development of 


* Reprinted from Journal of Polymer Science, Vol. 28, pages 651-653, April, 1958. 
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modulus at a nominal temperature of 150°, as determined by steam pressure. 
The results are shown in Table I and Figures 1 and 2. 
In Table I, amounts of the two curatives (in moles/10‘ grams) which give 


I 
EQUIVALENCE OF CURATIVES* 


* See text for explanation. 


equal stress at 100 per cent elongation are given. These figures are interpolated 
from plots of experimental measurements of modulus as a function of curative 
concentration. The slope of the curve of TMTD as a function of cumyl per- 
oxide, plotted from Table I, is 3.8. 

Figure 1 contains data on combined sulfur and dithiocarbamate formed 


dithiocarbamate 
© combined sulfur 


slope xy; 
slope fe 


‘Physical 


x/0*- 


Zz 4 6 
T™MTO taken x10* chemicol 


Fig. 1.—“Combined” sulfur and zine dithio- Fie. 2.—Co ee of “physical” crosslink 
carbamate formed during vulcanization of natural density estima from swelling measurements with 
rubber as a function of TMTD used for cure. en. crosslinks cavaning four moles of 
Units aw 9 a (gram atoms of sulfur) per 104 TMTD are required per crosslink formed. 

grams ru 


during the vulcanization reaction. ‘Combined” sulfur was determined as total 
sulfur remaining in the stock after treatment with a mixture of hydrochloric 
and acetic acid followed by extraction with butanone. Dithiocarbamate was 
estimated by distilling carbon disulfide from a sample of the stock immersed 
in acidulated alcohol, which has been shown to be a quantitative procedure for 
recovery of dithiocarbamate in known mixtures. The disulfide was trapped in 
dimethylamine and its concentration estimated spectrophotometrically". 

In Figure 2 the crosslink density estimated from measurements of swelling 
of the sulfur cured vulcanizates in chloroform is plotted, in the form used by 
Moore and Watson, against crosslink density estimated from the data of 
Table I. The solid line in this figure is taken from the published figure™. 
The present results are considered to be in fairly good agreement with those of 
Moore and Watson, in view of the simplicity of the experimental procedure 
used here. 
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Combining the ratio of TMTD to crosslinks (four) obtained from Table I 
and the ratio of TMTD to firmly bound sulfur from Figure 1 (two), we obtain 
& maximum value for atoms for sulfur per crosslink of two. This does not 
establish that the sulfur is in fact in the crosslink. 

The observed ratio of sulfur to crosslinks is consistent with the mechanism 
discussed by Bielstein and Scheele, but more TMTD was required than is called 
for in their scheme™:“. The excess requirement may be a measure of loss of 
the thiuram disulfide in side reactions such as the one outlined by Craig‘. 
This is currently under investigation. 


REFERENCES 
1 Gee, G., Z: Polymer Sci. 2, 454 (1947). 
2 Barton, B. C., and Hart, E. J., Ind. Eng. Chem. 44, 2444 (1952); Barton, B. C., unpublished. 
: Scheele, W., Lorenz, O., and Dummer, W., Kautschuk u. Gummi 7, WT273 (1954), and subsequent papers. 
¢ Jarrijon, A ., Rev. gén. caoutchouc 20, 155, 177 (1943). 
5 Bielstein, G., and Scheele, W., Kolloid-Z. 1. 152 (1956). 
6c D., Fé Polymer Sci. 20, "197 (1956) ; Craig, D., Juve, A. E., Davidson, W. L., Semon, W. L., and 
Hay, D C., J. Polymer Sci. 8, 321 (1952). 
7 Barto: .C., J. Polymer Sci. 18, 559 (1955). 
s British "Rubber Producers Research Association, 18th annual report "RER. Boptemt 
,, Studebaker M. L., and Nabors, L. G Abstracts 132nd Meeti ptember 8-13, 1957, p. 7U. 
Moore, C. G., ‘Watson, W. F., Polymer Sci. 19, 237 (1956 
u J. E. Newell and C. L. Hilton, unpublished. 
12 Since this letter was prepared for publication, Studebaker® has described experiments yielding similar 
values of the ratio of TMTD taken to crosslinks formed, in stocks containing carbon black. 
8 This i , contribution No. 171 from the United States Rubber Company Research Center, Wayne, New 
ersey. 


EQUIVALENT CURES IN SPECIMENS 
OF VARIOUS SHAPES * 


F. 8. Conant 


Frrestone Tire & Ruspser Co., AKRON 


J. F. Sverirk 
Cuemicat Co., AKRON 


A. E. Juve 


B. F. Goopricn Researcu Center, BRECKSVILLE 


The job of studying the problem of equivalent cures in rubber specimens of 
various shapes and thicknesses was assigned to a task group of subcommittee 
10 of ASTM Committee D-11 in February, 1957. The assignment was not 
clear cut, and it was soon apparent that two separate and distinct phases were 
involved: 


(1) How does one adjust the curing times for various shapes and thicknesses 
to accomplish the same state of cure as in a standard tensile sheet at some 
specified time and temperature? 

(2) How does either the manufacturer or the consumer determine that he 
has equivalent states of cure when he has a standard tensile sheet cured at a 


specified time and temperature and a product of different size and shape, but 
cured at a different time and temperature? 


A report presented here of the work of a task group of subcommittee 10 on 
physical testing of Committee D-11 on Rubber of the American Society for 
Testing Materials at its meeting in St. Louis, Mo., February 10-14, 1948 seems 
to provide answers to this problem. 


ADJUSTMENT OF CURE TIMES 


A solution to the first phase of the problem requires a knowledge of the 
thermal properties of the stock in question, the dimensions of the part to be 
considered, and the temperature dependence of vulcanization. The latter 
information is also useful when it is required to transpose cures from one tem- 
perature to another. 

The problem is confined to determining the added time required to adjust 
the cure for thicknesses greater than that of a standard tensile sheet. For 
articles of lesser thickness, no adjustment is required. 

Incubation time.-—The nomograph shown in Figure 1 permits the calcula- 
tion of the lag time or incubation time for articles of varying shapes and of 
varying compositions. The most favorable shape for low lag time is a sphere ; 
while the most unfavorable shape is a thick flat slab of relatively large width 
and length. The second factor is the minimum dimension. In the case of the 
sphere this is the diameter, and for a large flat slab it is the thickness, Fora 
block one by two by three inches it would be the one-inch dimension. 


* Reprinted from Rubber World, Vol. 137, pages 856-859, March 1958. 
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The ter mal diffusivity is important since this controls the rate of conductance 
of temperature through the object. The large effect of this factor can be seen 
at a glance. 

It will be seen that the incubation time as scaled from this nomograph is 
assumed to be independent of the temperature, which is not strictly the case, 
since if the cure were to be conducted at room temperature, there would be no 
incubation time. As the impressed temperature increases, the incubation time 
increases. The nomograph can be assumed to be accurate at 280° F, with ap- 
proximately a 5 per cent error for temperatures 60° F higher or lower than 
280° F. 

Once the incubation time is determined, it is simply added to the cure time 
of the tensile sheet provided the latter is greater than the former. If the incuba- 
tion time is longer than the tensile sheet cure, however, a correction needs to be 
applied which is obtained from the curve in Figure 2. The ratio of the tensile 
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_ Fra. 1.—The size, shape, and compound composition of the article to be cured determine an “‘incuba- 
tion” time. This time, denoted by m, may be obtained from the above nomograph. Intermediate shapes 


may be interpolated on the left-hand scale. The dotted line, for example, shows that a one- by two- by 
three-inch block of tread stock will have an incubation period of 16 minutes. 


sheet cure, ¢,., to the incubation time, m, is first calculated. Then from the 
curve the factor ¢/m is scaled. This latter factor multiplied by the incubation 
time gives the cure time. 

Thus if the cure time for a tensile sheet is 12 minutes, and the incubation 
time is 120 minutes, the ratio of t,/m = 0.10. From the curve, t/m is 0.87, 
whence ¢ = 120 X 0.87 = 104 minutes. 

The construction of both the nomograph and the curve in Figure 2 involves 
calculations of the curing effect obtained during the heating-up period at temp- 
eratures lower than the impressed temperatures. To do this requires an as- 
sumption as to the temperature dependence of the cure rate. For this calcula- 
tion it was assumed that the cure rate is doubled for an 18° F increase in tem- 
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perature. There are differences of opinion as to the value of this factor and 
claims that different curing systems and different polymers respond somewhat 
differently. 

A careful look at published data, however, suggests that most of the work 
was not too carefully done, and some results are based on sulfur combinations 
which are not applicable. The value used is an average figure which we believe 
to be fairly accurate. Actually a large error in this factor makes only a minor 
difference in the calculations; so this point is relatively unimportant. 

Temperature transposition.—Since frequently the establishment of a cure for 
a product involves not only an estimate of the incubation time, but also a trans- 
position from one curing temperature to another, it should be possible to trans- 
pose easily from one temperature to another. In this case the temperature co- 
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Fic. 2.—The relation of the ratios of tensile sheet cure time and incubation time and product cure time 
and incubation time is used to obtain a correction factor when the product incubation time, as obtained from 
Figure 1, is greater than the tensile sheet cure time. 


efficient is more important. Most technical men have one or several charts 
which have been published or prepared in their own company. These are 
based on various values for the temperature coefficient, and most are subject to 
some question for the reasons given above. 

The assumption that a factor such as 2/10° C will apply over the entire 
temperature scale is subject to an appreciable error for temperatures which are 
different by a considerable amount. The rate of cure should depend on the 
absolute temperature, and its logarithm should be inversely proportional to the 
reciprocal of the absolute temperature. The error is due to the fact that the 
differences between the reciprocals of curing temperatures which are 10° C 
apart are different at the low end of the range, e.g., 110° C—120° C from those at 
the high end of the range, e.g., 160° C-170° C. 

The nomograph—Figure 3—was constructed on the basis of a reciprocal 
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temperature scale on the right. The latter was constructed on the basis that 
in the 280° F range the rate of cure is doubled for an 18° F increase in tempera- 
ture. 

One additional point should be mentioned. If it is desired to transpose the 
cure of an article from one temperature to another, and the cure time includes an 
incubation time, the latter should first be subtracted from the cure time before 
the temperature transposition is made. 

The mistake which would result can be illustrated as follows: 


Suppose a product is being cured 60 minutes at 280° F, and the tensile sheet 
cure is 40 minutes at 280°, and incubation time for the product cure is 20 
minutes. If it is desired to cure this product at 300° F, and the 60-minutes-at- 
280° cure is transposed by Figure 3 to 300° F, we have 28 minutes at 300° F. 

If the incubation time of 20 minutes, however, is first substracted and the 
transposition made, we find that 40 minutes at 280° F is euqal to 18 minutes at 
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Fie, 3.—Nomograph for transposing cure time at one temperature 
to cure time at a different temperature. 


300° F, and to this is added the 20-minute incubation time, giving a new cure of 
38 minutes at a temperature of 300° F. 

The reason for this modification of the procedure for equivalent cure deter- 
mination is the point made earlier that the incubation time is essentially inde- 
pendent of the impressed temperature. 

Method check.—In the operation of this equivalent cure procedure there are 
usually two estimates involved which can be in error. In estimating the shape 
factor the product being considered is usually not a simple geometric shape, and 
judgment or a guess is involved as to what point to select on the left-hand scale 
of Figure 1. The second estimate involves the thermal diffusivity of the stock 
in question, which is not usually known with any certainty. Several values are 
indicated on the scale asa guide. Also in Table I are listed some published data 
on certain rubbers and compositions. 
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In practice the usual procedure involves a calculation of the incubation time 
based on the best estimates of the shape factor and the thermal diffusivity. A 
trial cure is then run; and based on tests or observations, an ajdustment may or 
may not be required. 

As an illustration of a means by which the lag time or incubation time may 
be determined as a check against the nomograph of Figure 1, were prepared 
slabs }-inch thick and one inch thick and a series of cures run for several of the 
compositions given in ASTM Method D 15-55T, Method of Sample Preparation 
for Physical Testing of Rubber Products. Swelling tests were run on specimens 
cut from tensile sheets cured 40 minutes as well as specimens cut from each of 
the cures for the thicker slabs. A vertical slice approximately 0.075-inch thick 
was cut near the middle of each slab, and from these slices specimens were 
prepared for immersion tests. 

Thus each specimen included the more highly cured top and bottom sur- 
faces as well as the less highly cured center section. Swelling tests were run in 
three laboratories. The results obtained were somewhat erratic, particularly 


TaBLe I 


THERMAL Dirrustvities (IN?/M1N) or RuspeR ComPpounps 
REPORTED IN THE LITERATURE* 


Hevea (NR) 
Refer- A Neoprene Butyl 
ence Tread Gum SBR NBR (CR) (IIR) 
(1) .00613 0064 
to .0015 
(2) .0102 115 .0102 .00836 
(3) .00465 
to .0093 
(4) .00743 
to .0130 
(5) .00912 .00938 
(6) 0131 .0152 
(7) .0094 .0062 .0063 .0080 .0067 .0053 


* Nore: Thermal diffusivity values increase with increased pigment loading and decrease with increasing 
temperature. 


with the natural rubber stocks. This factor was investigated further and found 
to be due to reversion of these stocks with continued cure which gave U-shaped 
curves of swell versus time of cure, which do not lend themselves well to this 
technique. 

One set of results which came out reasonably well is illustrated in Figure 4. 
These results were obtained with a SBR tread-type stock, and the data plotted 
are the averages of the results from the three participating laboratories. 

The lag time is scaled off and shown on the curve along with the lag times 
calculated from Figure 1, using 0.014 as the thermal diffusivity. The agree- 
ment is reasonably good. 


PRODUCT VERSUS TENSILE SHEET CURE 


For the second phase of the assignment a procedure is required by means of 
which the state of cure in a product can be compared with the state of cure in a 
tensile sheet given the ‘‘best’’ or most desirable cure. 

The solution of this problem requires the selection of a property which is 
sensitive to state of cure. Further, the property should be capable of being 
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accurately measured on specimens of shapes and dimensions different from that 
of a tensile sheet. Some properties which might be considered are the following: 


(1) Free Sulfur. This determination is applicable only to those materials 
which are vulcanized with elemental sulfur. It is a good method, when appli- 
cable, and does not depend on the geometry of the specimens. 

(2) Solvent Swelling. This test is very sensitive to state of cure. It is 
applicable to articles or specimens of various shapes provided the material does 
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Fie. 4.—Cure times (calculated and found) for one-half and 
one-inch slabs of SBR tread-type stocks. 


not contain a high proportion of extractables. If so, specimens of identical 
size and shape from both the tensile sheet and the product are necessary. 

(3) Hardness. Hardness tests are fairly sensitive to state of cure, but also 
dependent on shape and size of specimen. 

(4) Stress-Strain, Modulus at Low Extension, Ultimate Tensile and Elon- 
gation. Modulus and breaking elongation are very sensitive to state of cure 
and in some cases tensile strength also. All are influenced, however, by the 
geometry of the sample, and if buffing is required, both ultimate tensile and 
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elongation are affected. Of these properties, modulus at a low extension is 
probably the best choice for comparative cure tests. 

(5) Set Properties. Compression set, tension set, creep, and stress-relaxa- 
tion are all sensitive to state of cure. Compression set may be determined by 
plying up disks cut from tensile sheets, and if a standard specimen or disks 
which may be plied up to }-inch in thickness can be obtained from the article, 
a good comparison can be obtained. The usefulness of the other tests depends 
on the possibility of obtaining suitable test specimens. 

(6) T-50 Test. This test is sensitive to state of cure for natural rubber 
products and requires a specimen of specific shape. It is not applicable to 
other elastomers. 


SUMMARY AND CONCLUSIONS 


A procedure has been developed for adjusting the curing times and state of 
cure of rubber products of various shapes and thicknesses to be equivalent to 
that obtained with a standard tensile sheet at some specified time and tempera- 
ture. A nomograph has been constructed which permits the calculation of the 
lag or incubation time involved in curing articles of varying shapes and composi- 
tions. If the incubation time is found to be longer than the tensile sheet cure, 
a correction is applied. This correction is obtained from a curve relating the 
ratios of tensile sheet cure time and incubation time to product cure time and 
incubation time. 

Another nomograph was constructed for transposing cure times at one tem- 
perature to those at a different temperature. It was constructed on the basis 
that in the 280° F range the rate of cure is doubled for an 18° F increase in 
temperature. 

This procedure for adjusting the curing times of products to be equivalent 
to that of the standard tensile sheet is demonstrated. 

Suggested test methods are given for determining the state of cure in a prod- 
uct as compared with the state of cure in a tensile sheet when given the “‘best’’ 
or most desirable cure. These methods included determination of free sulfur, 
for materials vulcanized with sulfur; solvent swelling, applicable to articles or 
specimens which do not contain a high amount of extractables; hardness; 
modulus at low extension; and set properties. 
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THE INFLUENCE OF STRUCTURE ON THE CHEMICAL 
ACTIVITY AND VULCANIZABILITY OF BUTADIENE 
POLYMERS * 


B. A. Docapxrin, A. V. Dospromystova, F. 8. ToLsruKHINa, 
AND N. G. SAMSONOVA 


Tue Moscow Instirvtre or Fine Cuemicat 


In polymerization of butadiene and its derivatives, the monomer groups join 
in various positions. The 1,4- and 1,2-structures are most commonly indicated 
as follows: 


~ ~ 
H bu 
du, du, 


The relative contents of these structures have a significant influence on the 
physical properties of the polymer (glass transition temperature, degree of 
orientation, strength, etc.). It is also evident that differences in the poisition 
and nature of substitution of the double bond cause differences in the chemical 
activity of the polymers. These differences in chemical activity are also deter- 
mined by the fact that the 1,4-structure contains methylene groups in thea-posi- 
tion to the double bonds, which therefore have hydrogen atoms with weakened 
bonds on carbon. In the 1,2-structure there is a hydrogen atom attached to a 
tertiary carbon atom. The differences in the chemical activities of butadiene 
polymers were studied in their interaction with perbenzoic acid, iodine chloride, 
and elementary sulfur. 

The materials studied were synthetic butadiene rubbers with various rela- 
tive contents of 1,4- and 1,2-structures in their molecular chains. The contents 
of vinyl side chains in the 1,2-structure were determined by the ozonization 
method, from the amounts of formic acid and formaldehyde split off'; the 
double bond contents of the 1,4-structure were determined from the difference 
between total unsaturation and the contents cf vinyl side chains. 

For some of the rubbers the results were confirmed by spectrographic data 
from the characteristic frequencies of 965 cm for double bonds of the 1,4- 
structure and 909 cm for monosubstituted double bonds of the 1,2 structure. 

Interaction with perbenzoic acid.—The reaction of unsaturated compounds 
with perbenzoic acid was studied in detail by Prilezhaev?. He established that 
the rate of the perbenzoic acid reaction depends on the positions and nature of 
the substituents at the double bonds. The chief direction of the reaction is the 
formation of epoxide groups in the polymer, in amounts equivalent to the benz- 
oic acid formed. Meyer has proposed the use of the Prilezhaev reaction for 
determination of the structure of butadiene polymers by calculating the content 


*Reprinted from Colloid Journal (USSR) 18 — (1957); translated by Consultants Bureau, Inc. 
from Kolloidnii Zhurnal, Vol. 19, pages 188-197 (195' 
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of 1,4 structural units with the aid of a special diagram, based on the results of 
titration of model low-molecular hydrocarbons under the same conditions. 
Meyer's work, carried out in the laboratory of the Schkopau works, has not 
been published; it is mentioned by Weindlein*’. The kinetic method for the 
determination of the struuctre of butadiene rubbers by the perbenzoic acid 
reaction was developed by Dogadkin and Dobromyslova‘. Saffer and John- 
son® consider that this method is applicable only to polymers containing more 
than 70% of internal double bonds. Our kinetic investigations showed that, 
in chlorobenzene medium with 0.1 N concentration of the rubber at 20°, both 
types of double bonds react with perbenzoic acid, but at very different rates. 
Figure 1 shows the kinetics of the reactions of benzoic acid with solutions of 
natural rubber, one of the butadiene polymers, and vinyleyclohexene as a 
model substance containing a disubstituted double bond in the ring and a mono- 
substituted double bond in the vinyl side chain. The amount of perbenzoic 
acid consumed was determined by titration with 0.1 N thiosulfate solution. 
Natural rubber, which contains only the 1,4-structure in its molecules, reacts 
rapidly, and the total amount of perbenzoic acid decomposed corresponds (to 
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Fie. 1.—Kinetics of oxidation of vinyleyclohexene and different rubbers by perbenzoic acid: /) natural 
rubber; 2) vinylcyclohexene; 3) butadiene polymer SR-1; 4,4) kinetics of double bond oxidation in the 
1,4-structure of vinyleyclohexene and butadiene polymer SR-1. 


within 2%) to a, the total unsaturation of this compound (Curve 1). The 
kinetic curve for the oxidation of vinyleyclohexene contains two distinct re- 
gions—an initial region of steep ascent, and a final linear region which repre- 
sents the reaction proceeding at a low constant rate. If the linear region is 
extrapolated to the ordinate axis, it cuts off an intercept correponding to 50% 
of the total number of double bonds in vinyleyclohexene. From this it may be 
concluded that the linear region represents the oxidation kinetics of the less 
active vinyl groups, while the steeply ascending region corresponds to rapid 
oxidation of disubstituted double bonds in the ring. By drawing a horizontal 
straight line from the point of intersection of the linear region with the ordinate 
axis, it is possible to find ordinates corresponding to slow oxidation of vinyl 
groups, for each time instant on the experimental curve, and to plot a theoret- 
ical curve representing oxidation of the double bonds in the ring only (Curve 4). 

The kinetic curves for the reaction of perbenzoic acid with butadiene poly- 
mers are of similar form, since the latter contain two kinds of double bonds in 
their chains (Figure 2). The double bonds in the viny] side chains are oxidized 
very slowly, and therefore at a constant rate, because their concentration does 
not change significantly during the time of observation. By extrapolating the 
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linear regions of the kinetic curves to the ordinate axis, it is possible to deter- 
mine the initial contents of double bonds of the 1,4-structure, and to plot the 
kinetic curve for the oxidation of the 1,4-structure (Figure 2, Curve 4) as 
described above. 

The validity of this method of segregating the oxidation processes of 
different types of double bonds, and of their quantitative determination, is 
confirmed by data on ozonization of the same polymers (Figure 2 and Table 1). 


TaBLe I 
CHARACTER OF BUTADIENE PoLyMER DovuBLE Bonps 


% content of structures 


1,4 1,2 double 
By differ- contents 
ence be- of 1,4- and 
Total tween total 1,2-structure 
unsatu- By oxi- unsatura- by oxida- 
ration dation tion and tion with 
in %, b with per- By contents perbenzoic 
Type of the CL benzoic ozoniz- of 1,4- acid and 
rubber reaction acid ation structure ozonization 
SR-1 87 30 57 57 7 
SR-2 92 49 40 43 89 
SR-3 94 65 31 29 96 
SR-4 94 30 64 
SR-7 43 53 
SR-5 95 50 — 45 — 
SR-6 96 65 31 


The values for the double bonds of different structures in seven grades of syn- 
thetic rubber, determined from kinetic data with perbenzoic acid, are in good 
agreement with the values obtained from ozonization data and data on the 
reaction with iodine chloride. 

Interaction with iodine chloride-—Reactions of rubbers with halogens have 
been frequently studied. The reactions are complex in character, and vary 
according to conditions, both in their mechanism and in the intermediate steps 
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Fie 2.—Kinetics of oxidation of various butadiene rubbers by perbenzoic acid: 
1) SR-6; 2) SR-5; 3) SR-7; 4) SR-4; 5) SR-8; 6) SR-9. 
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and final results. In many cases, addition of halogens at the double bonds is 
accompanied by substitution of hydrogen at the a-methylene groups and 
formation of intramolecular rings*. The structure of the polymer has a signifi- 
cant effect on the course of the reaction. We studied the reaction between io- 
dine chloride and butadiene polymers with various contents of 1,4- and 1,2- 
structures. The reaction was carried out by mixing 0.05 M (calculated on the 
unit molecular weight) of the rubber solution in dichloroethane with 0.2 N 
solution of iodine chloride in the same solvent. The halogen was in 100% ex- 
cess above the theoretical amount. The course of the reaction was followed 
by the consumption of iodine chloride (by titration of samples with thiosulfate) 
and by formation of iodine (titration of samples with potassium iodate). 

As Figure 3 shows, absorption of iodine chloride by the polymer at 20° pro- 
ceeds at a high rate during the first 6-8 hours; subsequently the reaction slows 
down and continues for a long time at a low constant rate (linear region of the 
kinetic curve). The initial region mainly represents the addition of iodine 
chloride at the double bonds® according to the schemes: 


cil 
~ CH:—_CH=CH—CH: ~ ——— ~ CH:—CHI—CHCI—CH; ~ (1) 


cil 
~ CH:—CH—CH:—CH—CH; ~ ———> ~ CH:—_CH—CH:—CH—CH:— 
H H dua 


The linear region represents the slow reaction of hydrogen substitution, which 
probably occurs according to the scheme: 


cll 
~ CH:—CHI—CHCI—CH; ~ ~ CHCI—CHI—CHCI—CH: ~ + HI (8) 
As the result of the last reaction, an equivalent amount of iodine is liberated: 
HI + Cll ———> HCl + I, (4) 


Since I, is titrated by thiosulfate in the same way as CII, Reaction (4) is 
not reflected in the kinetic curve for the absorption of iodine chloride. If the 
linear region of the kinetic curve for the absorption of iodine chloride is extra- 
polated to the ordinate axis, it will evidently cut off an intercept corresponding 
to maximum absorption of Cll in the addition reaction, which in its turn corre- 
sponds to the content of double bonds in the rubber molecules. 

In fact, the unsaturation determined by this method coincides with the un- 
saturation found as the sum of double bonds of 1,4-structure (by the reaction 
with perbenzoic acid) and double bonds of 1,2-structure (from the amounts of 
formic acid and formaldehyde in the ozonization reaction). 

The liberation of iodine in the reaction medium is represented by kinetic 
curves analogous to the kinetic curves for the addition of iodine chloride (Fig- 
ure 4). The linear regions of the curves in Figure 3 and Figure 4 have the same 
slope. This proves convincingly that in the last stage of the process iodine is 
liberated according to Equation (4), and the amount formed corresponds to the 
HI split off in the substitution reaction represented by Equation (3). The 
initial rapid liberation of iodine is probably associated with a cyclization re- 
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Fia. 3.—Kinetics of iodine chloride absorption in Se pogetion with butadiene 
polymers: 1) SR-4; 2) SR-5; 9) & 


action®. If the linear region of the kinetic curve for iodine liberation is extra- 
polated to the ordinate axis, the intercept cut off is a measure of the maximum 
amount of iodine liberated in cyclization. As Figure 5 shows, this amount 


increases linearly with increase of the content of the 1,2-structure in the 
molecules of the different rubbers. This suggests that cyclization occurs pre- 
dominantly in the 1,2-structure according to the following scheme: 


~ ~CH,—CH—CH, CH, ~ 
| | HI | 


| 


CHI CH, CH, 


Fie. 4.—Kinetics of iodine fc tion of iodine chloride with 
butadiene 2) SR-5; 3) SR-6. 
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Fie. 5.—Variation of the amount of iodine formed in the cyclization reaction with the 
contents of 1,2-structural units in various polymers. 


The liberated hydrogen iodide then reacts with iodine chloride to form io- 
dine according to Equation (4). 

Thus, different rubbers show the same behavior in the addition reaction at 
the double bonds, in the reaction with iodine chloride under the conditions 
studied. The cyclization process, in the other hand, develops mainly in the 
structure with vinyl side chains; this may be attributed to steric conditions 
favorable for six membered ring formation in such structures. The fact that 
the straight line in Figure 5 does not pass through the coordinate origin sug- 
gests that a similar process may occur also in the 1,4-structure. 

Interaction with sulfur and vulcanization.—The interaction of rubber with 
sulfur is the main reaction in the vulcanization process. The reaction of buta- 


Sbound 
Stotal 


th 


+100 


ol 


20} 


40 60 =6min 


Fra. 6. —Kinetics of sulfur addition to rubbers i. i 4 structure in solution in a nitrogen atmosphere at 
various temperatures: 1,2,3—155 ,5,6,7,—142°; 10—135°; 1,4,8—SR-6—65% ; 2,6—SR-5—50% ; 
6,9—SR-7—43% ; 3,7, SR 4 904, of 4 
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Fie. 7.—Rate of sulfur addition as a function of the rubber structure: 
1—155°; 2—142°; 3—135° 


diene polymers with sulfur was studied by heating solutions in toluene in am- 
poules, with strict exclusion of atmospheric oxygen. The solutions contained 
about 4 g of rubber per 100 ml of solvent; the sulfur content was 2 g per 100 g 
of rubber. The accelerator was a condensation product of aniline with acetal- 
dehyde and butyraldehyde (Accelerator A-100), and triethanolamine was used 
as activator. In the conditions described, addition of sulfur to rubber proceeds 
at a constant rate for nearly the total duration of the reaction (Figure 6), 
which may be explained by the large excess of active centers (double bonds and 
a-methylene groups) in rubber, in relation to the sulfur, and the narrow varia- 
tion range of the volume concentration of sulfur in the solution during the 
entire observation time. As Figure 7 shows, the rate of addition of sulfur to 
rubber increases linearly with increasing content of the 1,4-structure in the 
rubber molecules. In the temperature range from 135 to 155° this reaction 
obeys the Arrhenius equation (Figure 8). The apparent activation energy of 
the reaction of addition of rubber to sulfur depends on the structure of the poly- 
mer, decreasing with increasing content of the 1,4-structure or, which is the 
same thing, increasing with increasing content of the 1,2-structure (Figure 9). 
Since this relationship is linear, it is possible by extrapolation to determine the 
activation energy for a polymer of one particular structure, i.e., to determine 
the activity of sulfur toward disubstituted double bonds of 1,4-structure and 
to monosubstituted double bonds of the vinyl] side chains of 1,2-structure. Its 
value in the first case is 14 kcal/mole, and in the second, 19 kcal/mole, and the 
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Fie. 8.—Rate of sulfur addition to rubbers of 1,4 structure, as a function of the temperature: 
1) SR-6, 65%; 2) SR-5, 50%; 3) SR-4, 30%. 
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Fic. 9.—Activation energy for the addition of sulfur to rubber as a function 
of the rubber structure. 


difference between these agrees with the corresponding value determined from 
the kinetics of thermal oxidation of rubbers’. 

The different chemical reactivities of double bonds of 1,4- and 1,2-structure 
toward sulfur were established by direct observation of variations of the intens- 
ity of the absorption bands in the infrared region of the spectrum during vul- 
canization. The technique developed for this was reported by Dogadkin and 
Klausen at the 10th All-Union Conference on Spectroscopy. Rubbers contain- 
ing 65 and 50% of double bonds of 1,4-structure were studied. The absorption 
intensity for the 1,4-structure was measured at a frequency of 965 cm™, and 
for the 1,2-structure at 909 cm™. The vulcanization was carried out in films 


applied to rock salt plates, and in solution. In the latter case the spectro- 
scopic determinations were made after evaporation of a sample of the solution 
placed on a rock salt plate. In the vulcanization experiments in solution, 
changes of unsaturation were also determined by the reaction with iodine 
chloride; the results so obtained were in good agreement with the spectroscopic 
data. 
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Fie. 10.—Variation of the unsaturation of rubber with 65% of 1,4 structural units during vulcanization 
in film form in a nitrogen atmosphere at 142°; /) total unsaturation; 2) unsaturation of 1,4-structure; 3) 
unsaturation of 1,2-structure, 
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Fie. 11.—Kinetics of sulfur addition to technical rubbers of different structure of the same degree of 
snolinis te — without accelerators in a press at 142°; 1) SR-6, 65% of 1,4-structure; 2) 2) SR-4, 
of structure. 


As Figure 10 shows, the double bonds of the 1,4-structure disappear as the 
result of vulcanization at about 15 times the rate for the double bonds of the 
vinyl side chains of 1,2-structure. It must be pointed out, however, that this 
evaluation does not agree with the evaluation based on kinetic data which takes 
into account the activation energies determined above for the addition of sulfur 
to 1,4- and 1,2-structures. 

If the vulcanization is carried out under technical conditions in a press, the 
difference between the rates of sulfur addition to rubbers of different structure 
tends to disappear (Figure 11). The probable explanation for this is the sharp 
increase of the volume concentration of double bonds, and the consequent 
increase of the absolute reaction rate, under these conditions in comparison 
with vulcanization in solution. 

It is also significant that, according to spectroscopic data, there is no de- 
crease in the double bond content at the start of vulcanization (horizontal 
regions in Curves / and 2, Figure 10). This means that reactions involving 
a-methylene groups of the 1,4-structure predominate at this stage of vulcaniza- 
tion. The reactions involving the a-methylene groups have different mech- 
anisms. Direct interaction with sulfur leads to formation of thiol groups and 
displacement of the double bonds into a new position, indicated in the case of 
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natural rubber by the appearance of absorption bands at a characteristic fre- 
quency of 965 cm™.8 Interaction with molecules of the accelerator (or with 
radicals formed by their decomposition) leads to removal of hydrogen and 
formation of polymeric radicals which react with each other or with the molecu- 
lar rubber chains to form chemical cross bonds of the vulcanization network. 
The mechanism of this process has been discussed by one of the present authors 
elsewhere’. 

During the steady state period of vulcanization the total decrease of un- 
saturation is a linear function of the amount of sulfur added (Figure 12). It is 
found that the loss of unsaturation (in contrast to the results described in the 
literature for natural rubber) is 4—6 times as great as the value calculated for the 
addition of one sulfur atom per double bond. The loss of unsaturation increases 
with vulcanization temperature between 135 and 155°. This increase in the 
loss of double bonds above the value calculated from maximum substitution 
with sulfur can be attributed either to polymerization processes involving join- 
ing of the molecular chains at the double bonds, or thermal formation of intra- 
molecular rings. The latter hypothesis is refuted by the fact that unsaturation 
is not changed as the result of prolonged heating (for 12 hours) of rubber and 
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Fig. 13.—Equilibrium modulus as a function of the amount of bound sulfur for rubbers with different 
contents of 1,4-structural units: 7) SR-6, 65%; 2) SR-5, 50%; 8) SR-7, 43%; 4) SR-4, 30% of 1,4-structure, 


its solutions in an inert gas at vulcanization temperatures, as shown both by 
spectroscopic data and by the iodine chloride reaction. As regards the hypoth- 
esis that in these conditions interaction occurs between the sulfur, accelerator, 
and rubber, inducing polymerization processes analogous to those which occur 
in the reaction between rubber and benzothiazoly] disulfide’, this does not agree 
with the fact that the number of crosslinks in a vulcanizate (determined from 
the modulus) is considerably less than the number of atoms of bound sulfur. 
Further experimental study of this effect is therefore needed. 

The number of chemical crosslinks formed between the molecular rubber 
chains was determined from the equilibrium modulus of elasticity Z which, as 
is known, is a linear function of the number of crosslinks. As Figure 13 shows, 
the number of intermolecular chemical bonds formed for a given amount of 
added sulfur increases with increasing relative content of the 1,4-structure in 
the molecular rubber chains. 

The degree of crosslinking AH/AS is a linear function of the number of 
double bonds of 1,4-structure (Figure 14). The straight line representing this 
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Fic. 14.—Fffect of rubber structure on degree of crosslinking: 1) mixture with thiuram ; 
2) mixture with mercaptobenzothiazole and sulfur. 


relationship passes through the coordinate origin. This shows that, under cer- 
tain conditions which are determined by an average molecular weight of the 
rubber at which £ reaches its final value during the first instants of vulcaniza- 
tion, the formation of sulfur bonds in the spatial vulcanization network occurs 
only in the regions of the chains with 1,4-structure. Since the formation of 
chemical crosslinks is the main factor in the vulcanization process, this con- 
clusion is of considerable technical significance. 


SUMMARY 


1. Differences between the chemical reactivities of 1,4- and 1,2-structures of 
butadiene are found in the reactions with perbenzoic acid, iodine chloride, and 
sulfur. 

2. The interaction of perbenzoic acid with solutions of butadiene polymers 
is represented by kinetic curves with an initial region of a high rate, mainly cor- 
responding to the reaction of the double bonds of 1,4-structure, and a final 
linear region of a low rate, characterizing the reaction of the double bonds in the 
vinyl side chains of 1,2-structure. By extrapolation of the linear region to the 
ordinate axis it is possible to determine the relative contents of the 1,4- (and 
hence of the 1,2-) structure in the polymer. 

3. The kinetic curves for the interaction of the polymer solutions with iodine 
chloride are of analogous form. The initial region of the kinetic curve repre- 
sents addition at the double bonds, while the linear region corresponds to the 
substitution reaction. By extrapolation of the linear region to the ordinate 
axis it is possible to determine the actual double bond content of the polymer. 

4. The kinetic curves for iodine liberation are also of similar form; here the 
linear region corresponds to the substitution reaction, and the initial region 
corresponds to the cyclization reaction®. The amount of iodine liberated in 
this reaction is a linear function of the content of the 1,2-structure in the poly- 
mer. 

5. Mainly the double bonds of the 1,4-structure react when sulfur interacts 
with the polymer solutions. The total rate of sulfur addition is a linear func- 
tion of the content of the 1,4-structure. 
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6. The activation energy for sulfur addition increases with increasing rela- 
tive content of the 1,2-structure in the polymer. 

7. Formation of sulfur crosslinks in vulcanizates occurs mainly as the result 
of reactions in the 1,4 polymer structure. In consequence, the degree of cross- 
linking AE/AS is a linear function of the relative content of 1,4-structure in the 
polymer. 
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THE CHEMICAL STRUCTURE OF THE “POPCORN” 
POLYMER OF BUTADIENE * 


A. I. YAKuBCHIK AND A. I. SPASSKOVA 


Lentnorap Strate UNIVERSITY 


Many investigators have observed that butadiene and its homologs are trans- 
formed during storage into white, friable polymers, insoluble in common organic 
solvents and possessing limited swelling capacity’. Formation of a friable 
butadiene polymer is observed in the large-scale production of butadiene and 
butadiene-styrene synthetic rubbers’. 

Our objective in the present work was the study of the structure of this 
polymer of butadiene in order to elucidate the factors responsible for the lack of 
rubberlike properties. Friable butadiene polymer was prepared by keeping 
butadiene in sealed ampoules in a nitrogen atmosphere at 15-20°. These poly- 
merization conditions result in formation of butadiene dimer and two high- 
molecular polymers of which one is rubbery and soluble in chloroform, benzene 
and other solvents, while the other is friable, insoluble in organic solvents, and 
constitutes the main mass (85-90%) of product; we shall call the friable poly- 
mer the spongy butadiene polymer in the present paper. Among the products 
of ozonolysis cf the spongy butadiene polymer were found: succinaldehyde, 
formic acid and formaldehyde; in the form of methyl esters were detected: 
succinic acid, butane-1,2,4-tricarboxylic acid, and hexane-1,x,y,6-tetracar- 
boxylic acid. Succinic acid and succinaldehyde are formed on ozonolysis from 
those portions of the macromolecule of spongy butadiene polymer in which the 
butadiene molecules are linked in the -1,4-1,4- position®’. Formaldehyde, 
formic acid and butane-1,2,4-tricarboxylic acid are formed from -1,4-1,2-1,4- 
portions. The isomeric hexane-1,x,y,6-tetracarboxylic acids, also formic acid 
and formaldehyde, are formed from -1,4-1,2-1,2-1,4- fragments’. The products 
of ozonolysis of spongy ‘butadiene polymer are set forth in Table I. 

In the study of the products of ozonolysis of spongy butadiene polymer, 
83.5% of the structure of the carbon skeleton was established: 56.0% of the 
butadiene molecules are linked in the -1,4-1,4-position; 21.4% are made up of 
-1,4-1,2-1,4- chains, and 6.1% of -1.4-(1.2)s-1,4- portions. 22.8% of chains 
with external double bonds were found in spongy butadiene polymer. This 
polymer has the same structure as the rubbery butadiene polymers. The 
physical properties of the spongy polymer may be governed by the conditions 
of its formation. A necessary condition for the formation of spongy polymer 
must be considered to be* the presence in the monomer of an insoluble nucleus 
formed from the polymer or previously introduced into it. (Breitenbach is of the 
opinion that long, entangled thread-like macromolecules with a gel-like struc- 
ture are formed in the first stage of development of spongy polymer.) A large 
number of groups (a-methylene groups) linked to the nucleus and capable of 
initiating the growth of chains and participating to a small extent in chain 


* Reprinted from the Journal of General Chemistry USSR, Vol. 26, pages 1827-1832 (1956) ; a translation 
of Zhur. Obschel Khim. 26, 1629-1635 (1956) by Consultants Bureau, Inc. 
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Percentage Proportion of 
of carbon butadiene units* 
j let A. 


Products of ozonolysis of polymer ar 


Succinic acid 

Succinaldehyde 

Dimethy] succinate 

Trimethy] butane-1,2,4-tricarboxy- 


ate 
Tetramethy] ester of hexane-1,x,y- 
6-tetracarboxylic acid 
Total 
« The CH:—-CH=CH—CH:— unit is designated 1,4; the —CH:—CH—CH=CH?-—- is 1,2. 


H=CH: 
» Calculated on 50 g of ozonized polymer. 


breaking must also be present. Owing to the presence in the active nucleus of 
a large number of radicals, many macromolecules linked with one another by an 
insoluble nucleus can grow from a small nucleus. 

The insolubility of the spongy polymer may be explained by the insolubility 
of the nucleus; its friability may be accounted for by the conditions of growth 
of the nucleus. The latter first swells, then cracks and, finally, breaks up into 
thin granules. The size reduction of the growing spongy polymer is the result 
of the growth taking place throughout the whole mass of the nucleus®. 

The relative content of chains with internal and external double bonds is 
determined in the soluble butadiene polymer, isolated from the butadiene 


autopolymer in very small quantity (4.0 g), by oxidation with benzoyl hydro- 
peroxide. 


EXPERIMENTAL 


Butadiene autopolymer is prepared by slow polymerization of butadiene in 
sealed ampoules in a nitrogen atmosphere in the light at 15-20°. It is a white, 
friable mass, readily oxidizing in the air; all work with it was therefore per- 
formed in a nitrogen atmosphere. From 60 g autopolymer, 5.9 g (9.8%) buta- 
diene dimer was distilled off at 15-20 mm and 40°. B.p. 65-66° at 100 mm, d?° 
0.8312, n° 1.4650, MRp 35.90; Cale. 36.03. Found %: C 98.53; H 11.1. 
CsHi2. Calculated %:C 88.89; H11.11. Found for ethenyl-l-cyclohexene-3; 
0.83205. 

Chloroform extraction of the butadiene autopolymer, after separation of the 
butadiene dimer, gave 4 g (6.4%) of rubbery polymer; the remaining auto- 
polymer (to be designated the spongy polymer) is a white, friable substance, 
substantially insoluble in common organic solvents and only swelling in them 
to a slight extent. Found %: C 84.53, 84.70; H 10.74, 10.98. (C4He)x. 
Calculated %: C 88.89; H 11.11. 

Ozonization of the spongy polymer of butadiene was effected at —30° with 
oxygen containing 5-6% ozone in an apparatus ensuring constant concentra- 
tion of ozone’. Only 37% of the polymer was ozonized when the polymer was 
in the form of a suspension in chloroform. Ozonization in chloroform gives an 
insoluble ozonide which remains on the surface of the polymer and hinders its 
further ozonization. This ozonide resinifies to a considerable extent when 
heated with water. Ozonization goes to completion if the spongy polymer is 
ozonized in suspension in ethy! acetate, and a colorless, transparent solution of 
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ozonide is formed. After distillation of the ethyl acetate, the ozonide remains 
in the form of a colorless, transparent, very viscous substance. This ozonide 
is decomposed by water without resinification. 

The ozonide, destined for elementary analysis, was purified by dissolving in 
ethyl acetate and precipitating from the solution with ligroine (this procedure 
was applied three times). Found %: C 45.89, 45.79; H 6.90, 6.90; O 47.21, 
47.31. (C4H¢0;)x Calculated %: C 47.06; H 5.88; O 47.06. 

The deviations of the experimental from the calculated values are within 
the usual limits of error for ozonides; the ozonide of butadiene spongy polymer 
may therefore be assigned the formula (C4H¢0s3)<x. 

Products of ozonolysis were prepared for investigational purposes from 50 g 
of the spongy polymer (containing 42.4 g carbon) in ethyl acetate at —30°; 
1.5-2 g polymer was ozonized in each experiment. The ozonides were decom- 
posed by heating with water. The aqueous solutions of the products of decom- 
position of ozonides from the different experiments were combined and the 
water was driven off, at first at atmospheric pressure (to 4 of the original 
volume) and later at 150-100 mm. The product of decomposition of the ozo- 
nide was a crystalline substance permeated with a viscous liquid. The crystals 
were separated with diethyl ether and recrystallized from hot water; m.p. 183°; 


Tas_e II 


Calculated 

from 50 ¢ 

of ozonized 
polymer 


the melting point of the mixture of the substance with succinic acid was also 
183°. The neutralization equivalent of the crystalline acid was 59.2; its 
anhydride had m.p. 120°. From the products of ozonolysis was isolated 33.7 g 
succinic acid, containing 13.7 g carbon. Succinaldehyde was detected by the 
pyrrole test in the distillate coming over with the water. The amount of suc- 
cinaldehyde in the distillate was determined from the weight of its phenyl- 
hydrazone isolated from the solution. The phenylhydrazone melted at 124— 
125° (from alcohol). The literature gives m.p. 125°* and 124-125°° for suc- 
cinaldehyde phenylhydrazone. The aqueous distillate was found to contain 
1.9 g succinaldehyde, equivalent to 1.06 g carbon. 56.1 g viscous products of 
ozonolysis were collected with a carbon content of 44.9%. The 56.1 g viscous 
products of ozonolysis contained 25.2 g carbon. Properties of aldehydes and 
acids were detected ; evidently a mixture of aldehydes, aldehydo acids and acids 
is involved. The mixture was oxidized with acetyl hydroperoxide. The latter 
was prepared from acetic anhydride and concentrated aqueous hydrogen per- 
oxide in presence of sulfuric acid®. 91.6% of the products of ozonolysis (con- 
taining 22.6 g carbon) was oxidized. 2.7 g carbon were lost in the oxidation. 
The yield of acids was 89.4%. The product of oxidation was a white, crystal- 
line mass permeated with a colorless, viscous substance. The mixture was 


Fraction Vapor temp. Weight, 

1 58-61° 8.2 13.66 a 
2 127-130 1.7 aan 
3 130-133 11.6 
4 180-190 5.2 8.66 a 
Residue 1.5 2.66 
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separated with ethyl acetate to give 10.5 g succinic acid which melted at 183° 
after recrystallization ; 37.7 g viscous acids were also collected and converted by 
the action of an ethereal solution of diazomethane into methyl! esters of car- 
boxylic acids. The acid esters were separated from the full methyl esters by 
washing many times with 5% aqueous sodium bicarbonate solution. The full 
methyl esters were dried with fused sodium bisulfate, and the ethyl acetate was 
distilled off. 28.2 g full methyl esters were obtained. 4.2 g acid methyl esters 
were extracted with diethyl] ether from the acidified sodium bicarbonate solution. 
The mixture of methyl esters was fractionated at 2 mm pressure from a flask 
with a long column; results of the fractionation are given in Table II. 

76.3% of the acids (15.7 g carbon) was esterified to give 28.2 g methyl esters 
instead of the theoretical amount of 38.1 g, i.e., 73.1%. 4.2 g acid esters was 
isolated. The losses of esters were 5.7 g. The weight of the esters from the 
products of decomposition of the ozonide from 50 g spongy butadiene polymer 
was calculated on the basis of the weight of the methyl esters (Table II). 

Results of the investigation of the methyl esters of the carboxylic acids ob- 
tained from the product of ozonization of the spongy polymer of butadiene are 
presented in Table III. 

Investigation of the methyl esters of the carboxylic acids showed that the 
first fraction was dimethyl succinate ; the analyses of the second fraction indicate 


TaBLe IV 


Per cent Per cent 
startin: of CiHs 
Weighs of carbon in units with 
rubber Solvent for the ozonized external 
ozonized, g ozonization rubber double bonds 
2.5 Chloroform 7.67 34.68 
2.5 Ethy] ace- 87.67 34.36 
tate 


that it is substantially the trimethy! ester of butane-1,2,4-tricarboxylic acid; 
it apparently contains a small proportion of the previous fraction; the third 
fraction is the trimethyl ester of butane-1,2,4-tricarboxylic acid; the fourth 
fraction corresponds to the tetramethyl ester of hexane-1,x,y,6-tetracarboxylic 
acid. 

The ozonized polymer contained 42.4 g carbon. The isolated succinic acid, 
succinaldehyde, formic acid and formaldehyde represented 19.5 g of the carbon 
of the polymer. The isolated and characterized methyl esters of carboxylic 
acids contained 15.7 gcarbon. In all, 35.2 g (83%) of the carbon of the polymer 
was accounted for. The loss of carbon was 7.2 g; of this, 2.7 g was lost during 
oxidation of the product of ozonolysis with acetyl hydroperoxide ; the remaining 
4.5 g was in the uninvestigated acid methyl esters and in the residue after frac- 
tionation of the full methyl esters of the carboxylic acids. 

Determination of chains with external double bonds in butadiene spongy poly- 
mer.—The method consists in quantitative determination of the formic acid 
and formaldehyde in the products of ozonolysis of the polymer™. This is usu- 
ally carried out in chloroform. Since the spongy polymer does not undergo 
ozonization in chloroform, the reaction was carried out in ethyl acetate, the 
latter solvent, however, is less stable to ozone. In the first place, therefore, 
comparative determinations were made of formic acid and formaldehyde in the 
products of decomposition of the ozonide of butadiene rubber after ozonization 
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in chloroform and in ethyl acetate. On the basis of these data the percentage 
of chains with external double bonds was calculated. Results are set forth in 
Table IV and show that reliable results are also obtained with ethyl acetate as 
the solvent during ozonization. 

For the purpose of determination of the chains with external double bonds, 
2.3 g spongy polymer was ozonized in ethyl acetate. Formic acid and formalde- 
hyde were determined in the aqueous solution of the products of decomposition 
of the ozonide, and the percentage of chains with external double bonds was 
calculated (22.8%). 

Determination of the unsaturation of the chloroform-soluble butadiene polymer 
isolated from butadiene autopolymer.—The method described by A. A. Vasilyev" 
was used, based on the reaction of rubber with iodine bromide. Results are 
presented in Table V . 

Determination of the internal double bonds in the chloroform-soluble butadiene 
polymer.—The method of Prilezhaev'® was applied. This is based on the 
different velocities of oxidation by benzoy! hydroperoxide of olefinic bonds with 
different degrees of substitution. 

Butadiene rubbers contain —CH,—CH=CH—CH,— units (internal 
double bonds) and —CH,—CH(CH=CHe)— units (external double bonds). 
The double bond in the chain containing an internal double bond is oxidized 


TABLE V 


Iodine Degree of 
number unsaturation Iodine 
found of the poly- number Unsaturation 
without mer without found of the poly- 
allowance allowing for with al- mer with al- 
for sub- substitution lowance for lowance for 
Polymer, g stitution (%) substitution substitution (%) 


0.0964 435.8 92.7 407.0 86.6 
0.0954 435.1 92.7 413.0 86.8 


more rapidly than that in the chain with an external double bond. The per- 
centage of internal double bonds is determined from the kinetic curve of oxida- 
tion of the rubber with benzoyl hydroperoxide’. 

Oxidation of the polymer with benzoyl hydroperoxide was carried out in a 
thermostat at 20°. To 50 ml 0.2 N solution of polymer in chloroform was 
added 50 ml 0.2 N solution of benzoyl hydroperoxide in chloroform. At 
definite time intervals 5 ml samples were withdrawn for determination by the 
iodometric method of the amount of benzoyl hydroperoxide reacted. Parallel 
samples were taken (5 ml each) from a solution containing only benzoyl hydro- 
peroxide in order to determine the amount of hydroperoxide decomposed. 
For the purpose of calculation of the percentage of chains with internal double 
bonds in the polymer in question, oxidation was effected with benzoyl hydro- 
peroxide of butadiene dimer containing double bonds of the same type as those 
in butadiene polymers. The butadiene dimer was oxidized under the same 
conditions and with identical ratios of concentrations of the solutions of dimer 
and hydroperoxide and at the same temperature as in the oxidation of the 
dissolved butadiene polymer. The curves of rate of oxidation of butadiene 
dimer and of soluble polymer are plotted in the diagram in which the abscissas 
represent the times in minutes and the ordinates the per cent of reacted substance. 
From the curve we find the time in the course of which 50% of the butadiene 
dimer was oxidized (i.e., the double bond in the ring), and we assume that the 
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internal double bonds of the butadiene polymer also reacted in the same time. 
It follows from the diagram that the chloroform-soluble polymer separated from 
the autopolymer contains 53.5% of chains with internal double bonds and 33.3% 
of chains with external double dey 
SUMMARY 
1. The chemical structure of spongy butadiene polymer, obtained at 15-20° 
was examined by the ozonolysis method. 
60 
50 
40 
20 
10 


0 &% 20 30 40 50 60 70 80 90 100 
Time (min) 


Curves for rate of oxidation of soluble butadiene polymer (1) and of butadiene 
dimer (2) by benzoyl hydroperoxide. 


2. The per cent of chains with external double bonds in the spongy polymer 
was found to be 22.8%. 

3. The spongy polymer of butadiene is composed, like the rubbery polymers, 
of chains with external and internal double bonds. 

4. It was established that parts of the molecule of spongy polymer have the 
same structure as the rubbery butadiene polymers: -1,4-1,4-; -1,4-1,2-1,4-; 
-1,4-1,2-1,2-1,4-. 

5. A chloroform-soluble rubberlike polymer was separated from the buta- 
diene autopolymer. The degree of unsaturation of the chloroform-soluble 
polymer was determined (86.7%), also the relative content of internal and 
external double bonds. 
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HYDROGENATION OF BUTADIENE RUBBER 
SOLUTIONS. I. INFLUENCE OF THE 
SOLVENT WITH PALLADIUM-ON- 
CALCIUM CARBONATE CATALYST * 


A. I. Yaxuscuik AND G. N. Gromova 


Aut-Union Syntuetic Rusper Researcn InstirvTe 


An influence of the nafure of the solvent on the process of catalytic hydro- 
genation of organic compounds has been observed by many investigators’. 
During hydrogenation in solution, the rate of hydrogenation and the percentage 
transformation (degree of hydrogenation) depend upon the relative adsorb- 
ability by the catalyst of the individual components of the system undergoing 
hydrogenation (unsaturated compound, products of catalytic reaction and 
solvent) ; the extent of adsorption is largely governed by the solvent. 


100 

9 

8 

> 
= 

S 40 

3 

30 

201) 
10} 

a 


30 


bonate (catalyst g, solven e e tane ; yl alco ,2-dime 


With the objective of establishing the influence of the solvent on the rate 
and extent of hydrogenation of an unsaturated compound in presence of 
palladium-on-calcium carbonate catalyst, we carried out the hydrogenation of 
allyl alcohol with this catalyst in various solvents. Results are plotted in the 
diagram. 

Figure 1 indicates that the solvent exerts a marked influence not only on the 
rate of hydrogenation of allyl alcohol over palladium-on-calcium carbonate 
catalyst (the slope of the initial portion of the curve), but also on the degree of 


* Translated from the Zhurnal Obshchet Khimit, Vol. 26, pages 1626-1628 (1956). 
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hydrogenation. Thus, for example, in ethyl alcohol and heptane (Curves 2 and 
8) in presence of 0.2 g of the catalyst, allyl alcohol is hydrogenated to the extent 
of approximately 87 per cent, in isoamy] alcohol (Curve 5) to the extent of 52 
per cent, in 2,2-dimethyldioxane-1,5 (Curve 4) to the extent of 65 per cent, in 
diethyl ether (Curve /) to the extent of 95 per cent. Allyl alcohol does not 
undergo hydrogenation in benzene (Curve 6). 

In the 8. V. Lebedev Laboratory at the Leningrad State University it was 
established that increase of polarity of the solvent (addition of ethyl alcohol to 
pentane in the system being hydrogenated) leads to a rise in the degree of hydro- 
genation of diallyl over palladium-on-calcium carbonate from 84 to 100 per 
cent. It may be expected that by a suitable selection of catalyst and solvent 
the process of hydrogenation of rubber might be realized with greater facility 
and with a smaller consumption of catalyst’. 

On the basis of the foregoing considerations, it was resolved to investigate 
the process of hydrogenation of rubber in a solvent whose chemical character 
differed from heptane. The solvent chosen was 2,2-dimethyldioxane-1,5 
(DMD). For removal of peroxy compounds, DMD was kept for 24 hours in 
presence of hydroquinone and distilled in presence of hydroquinone in a nitrogen 
atmosphere; it then had b.p. 133-134° and n7? 1.4230. 


TaBLe I 


Properties OF HypROGENATED BuTADIENE RUBBER OBTAINED WITH 
PALLADIUM-ON-CALCcIUM CARBONATE CATALYST IN 
2,2—DIMETHYLDIOXANE-1,5 

Relative 


Per cent viscosity 
internal (0.08% 


Hydrogenated Unsatur- double benzene 
rubber ation, % bonds solution) 


From solution 
From solution 
From catalyst 
From catalyst 
From solution 
From catalyst 


Hydrogenated butadiene rubber was insoluble in DMD; during hydrogena- 
tion in presence of palladium-on-calcium carbonate, the hydrogenated product 
therefore remained on the surface of the solvent. A 30-fold amount of catalyst 
was needed to hydrogenate the whole of the initial rubber in DMD. Part of 
the original rubber remained in solution when insufficient catalyst was used; 
this could be judged by data for determination of the degree of unsaturation, 
the content of internal double bonds, the refractive index and the relative viscos- 
ity of the benzene solution of the rubber recovered from solution. 

In order to evaluate the selectivity of the hydrogenation of the double bonds 
of the rubber in DMD, the rubber was hydrogenated to the extent of 50 per 
cent. Results showed, however, that although an adequate amount of catalyst 
was used, not all the rubber was 50 per cent hydrogenated. Rubber washed 
out from the catalyst with benzene had 8 per cent unsaturation ; rubber isolated 
from solution had 84.4 per cent unsaturation. 

Results obtained with DMD are presented in the Table I. 

In the case of hydrogenated butadiene rubber obtained with palladium-on- 
calcium carbonate catalyst in DMD (washed out of the catalyst with benzene) 


Vitrifi- 
cent — 
r- 
Specimen ‘added 
0 86.2 380 1.5120 1.310 -60.0° 
1 56.4 36.5 1.5065 1.315 
2 229 84.4 37.0 1.5120 1.313 — = 
8.0 9.5 1.4820 1.154 
3 «6813 7.6 1.4824 1.185 —71.7 
2.7 — 1.4802 1.148 
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the same relation between degree of hydrogenation and properties is observed 
as that established for hydrogenated rubber obtained in heptane with the same 
catalyst: fall in relative viscosity of benzene solutions, fall in refractive index 
and lowering of the temperature of vitrification of the rubber with increasing 
degree of hydrogenation. The absence of outer double bonds in hydrogenated 
rubber with 8 per cent unsaturation (judging by data for the internal double 
bonds) indicates that the outer double bonds are hydrogenated more rapidly 
than the internal bonds. 

It is noteworthy that in the case of hydrogenated rubber with 8 per cent 
unsaturation, obtained in DMD, the percentage of residual internal double 
bonds is about the same as the unsaturation and amounts to 9.5 per cent, whereas 
in the case of hydrorubber obtained in heptane and with a percentage unsatura- 
tion® of 11.6 per cent the percentage of residual internal double bonds is 5.5 per 
cent. The difference in selectivity of the hydrogenation of double bonds in 
rubber which was detected during hydrogenation in heptane and DMD is 
evidently due to the heterogeneity of the hydrorubbers examined. It is very 
probable that the product of hydrogenation of rubber (a high-molecular weight, 
unsaturated hydrocarbon comprising a mixture of polymer homologs) is not, 
strictly speaking, homogeneous, and that the degree of unsaturation of its 
individual molecules may vary. The main mass of hydrogenated rubber may 
contain molecules of different degrees of hydrogenation and even, in some cases, 
molecules of unchanged rubber. In this respect the product of partial hydro- 
genation of rubber is an even more complex mixture of molecules of different 
sizes and different compositions from the original rubber. 

During the hydrogenation of rubber in heptane, the hydrorubber formed at 
the surface of the catalyst mainly goes into the solution, as can be inferred from 
the degree of unsaturation found for the hydrogenated rubber and from the 
amount of hydrogen taken up by the rubber. In DMD, the hydrogenated 
rubber remains on the catalyst. Consequently, in specimens of partially hydro- 
genated rubber obtained in heptane, we have a mixture of hydrogenated and 
nonhydrogenated molecules of rubber; in specimens obtained in DMD, we 
have only hydrogenated molecules, since the nonhydrogenated rubber remained 
in solution. For this reason we obtained slightly differing results in the study 
of the selectivity of hydrogenation of the double bonds in heptane and in DMD. 


SUMMARY 


Experiments with allyl alcohol demonstrated the influence of the nature 
of the solvent on the speed and degree of hydrogenation of an unsaturated 
organic compound on palladium-on-calcium carbonate catalyst. 

Butadiene rubber was hydrogenated on palladium-on-calcium carbonate 
in 2,2-dimethyldioxane-1,5 (DMD), and specimens of hydrorubber insoluble 
in that solvent were obtained. 

The same relation between degree of hydrogenation and properties was 
found for hydrorubber obtained with palladium-on-calcium carbonate catalyst 
in 2,2-dimethyldioxane-1,5 as had been established for hydrorubber obtained 
in heptane with the same catalyst: fall in relative viscosity of benzene solutions, 
lowering of refractive index, and fall in the temperature of vitrification of the 
rubber with increasing degree of hydrogenation. 

The selectivity of hydrogenation of the outer double bonds of butadiene 
rubber when hydrogenated in 2,2-dimethyldioxane is more clearly manifested 
than in the case of hydrogenation in heptane. 
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TWO STAGES IN THE PROCESS OF 
NETWORK FORMATION IN POLYMERS* 


G. M. BarTENEV 


Screntiric Researcu Instirute ror THe Russer Inpustry, Moscow, USSR 


The crosslinking (structurization) of linear and slightly branched polymers 
forms the basis of a number of technological processes, of which the most im- 
portant are: vulcanization of rubber, tanning of collagen and gelatin, and hard- 
ening of thermosetting resins. These structurization processes, in contrast to 
aging processes, can be regulated and they play an important part in the manu- 
facture of materials with certain required network structure and properties. 
The structurization processes which occur in aging develop spontaneously and 
in most cases have an adverse effect by changing the desired structure and 
degrading the properties of the materials. 

It has been shown that the process of spatial network formation occurs in 
two stages. The two-stage nature of the process was observed in the first two 


kg/cm* 


10 


as, 18, 5% 2 


Fie. 1.—Relationship between the equilibrium modulus and the amount of bound sulfur (in weight per- 
centages on the vulcanizate): 1) NR (natural rubber) ; 2) SKS-30A. 


investigations'?. In the third’, the importance of the initial molecular weight 
of the polymer was established. It was shown that the start of network forma- 
tion corresponds to a certain quite definite amount of bound sulfur, which de- 
pends on the molecular weight of the polymer. The first general views on the 
two-stage nature of the process were probably put forward by Flory‘. 

The general mechanism of spatial network formation in the structurization 
of linear polymers, for the case vu! rubber vulcanization, is discussed below. 
The chemical aspects of polymer network formation are discussed in a recent 
review’. 

The two-stage nature of the network formation process is seen in Figure 1, 
which shows, as an illustration, the variation of the equilibrium modulus (to the 


Recsinwed from Colloid Journal (USSR) 19, 267-272 (1957) ; translated by Consultants Bureau, Inc, 


* 
from yi Zhurnal, Vol. 19, 261-267 (1957). 
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power 3/2) with the amount of sulfur bound during vulcanization of an unfilled 
natural rubber composition (NR), of molecular weight 150,000, modulus at 20°, 
from N. M. Novikova’s data, and a synthetic SKS-30A rubber fraction of 
molecular weight 140,000, modulus at 70°, from the data of F. A. Galil-Ogly. 
The choice of the equilibrium modulus to characterize the spatial network®.’ is 
explained by the fact that the equilibrium modulus £,, bears a definite relation- 
ship to the number of chains in the network, N, per unit volume. In Figure 1, 
values of £,,!, which, according to Bartenev®, are proportional to N, are taken 
along the ordinate axis. If the amount of bound sulfur is proportional to the 
number of crosslinks, then the relationship between Z,,! and the amount of bound 
sulfur must be linear; this is found to be so for all fractions of SKS-30A at the 
second stage of crosslinking’. Natural rubber shows a deviation from linearity 
at the end of the second stage; this is explained by superposition of thermo- 
oxidative degradation processes on vulcanization. 

At the first stage a single spatial network is not yet formed, as the equilib- 
rium modulus is zero. At the first stage the material is in a plastic, and at the 
second, in an elastic state. At the first structurization stage the molecular 
chains are not yet joined in a single spatial network, but individual molecules 
are crosslinked into larger formations. Only after these molecular aggregates 
have reached a definite size does the subsequent crosslinking lead to the forma- 
tion of a continuous spatial network. 

Let us consider the crosslinking of a linear polymer with initial molecular 
weight Mo, assuming that the crosslinks have a statistically uniform distribu- 
tion throughout the volume. Let M be the molecular weight of a chain in the 
network (segment of a linear molecule between two crosslinks). Correspond- 
ing to these are No and N, the numbers of original molecules and network chains 
per unit volume; n is the total number of crosslinks per unit volume of the 
polymer; v is the number of effective crosslinks per unit volume. 

At the first stage of structurization the crosslinks join individual linear mole- 
cules, which results in an increase of the average molecular weight of the poly- 
mer. As has been reported'*:*, network formation begins not at once, but 
after all (or nearly all) the molecules of the original material have been joined 
by crosslinks. At this stage long branched chains are formed, much larger 
than the original linear molecules. Thus, crosslinking of individual molecules 
leads to formation of long branched chains, the molecular weight M of which 
increases to values greatly exceeding M. 

The material remains plastic until enough crosslinks have been formed to 
join the original molecules into a spatial network. We shall term this number 
of crosslinks per unit volume the “critical’’ number, and shall denote it by n, 
= BNo, where @ is a coefficient which depends on the molecular weight distribu- 
tion, and the degree of coiling and intertwining of the molecules in the original 
material (the meaning of the coefficient 8 is discussed below). 

It is evident that when n < m, v = 0; whenn > m, vy = n — m. 

The number of chains N determines the equilibrium properties and is in- 
cluded in the formulas of the molecular theory of network polymers. Since 
each new crosslink forms two new chains, N = 2y, and therefore when n > m 


N = 2(n — m) = 2(n — BNo) (1) 


and when n < m, N = 0. 
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The Flory formula‘*® derived (for 8 = 1) with network defects (terminal 
chains) taken into account 


is not suitable for the whole n > nm range of network formation. The formula 
is approximately correct when M < Mp, that is, for dense networks and high 
original molecular weights. In practice these conditions are probably satisfied 
for network polymers with molecular weight Mp > 10° and equilibrium modu- 
lue E,, greater than 10 kg/cm’. 

The general formula, valid over the entire n > n,, range has the following 


form 
28pM ) 
N =2 1 
poMo 


where p is the density for the active part of the rubber; po is the density for the 


2 
% 


Fie. 2.—Relationship between the “‘critical’’ amount of sulfur added during vulcanization, and the recipro- 
cal molecular weight of the original polymer (from data in 4). 


whole rubber, including the regions of the molecules which did not enter the 
network. Calculation of p is the main difficulty in the use of this formula. 

To illustrate the application of these relationships, let us consider the vul- 
canization of butadiene-styrene SKS-30A and natural (NR) rubber. Let 7 be 
the number of sulfur atoms per crosslink both between different molecules and 
between parts of the same molecule. The total and “critical’’ numbers of 
crosslinks are expressed in terms of the amount of bound sulfur by the following 
formulas: 


(2) 


where » = 32.1 is the atomic weight of sulfur; s and 8 are the total and “criti- 
cal’ amounts of bound sulfur in percentages by weight (on the vulcanizate). 
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For the “critical” amount of bound sulfur we have the formula 


AS 


89 = Bju- 100 


(3) 


which is in good agreement with the data® given in Figure 2. 

The value of s is determined from the intercept cut off (Figure 1). For 

NR, 8 is 0.15% at Moy = 150,000, which gives 8j = 7. For SKS-30A the 

value, found from the straight line in Figure 2, is 8j = 50. 

It is not possible to determine the number of sulfur atoms in the crosslink, 

j, by the intercept method, as the coefficient 8 is not known. It is possible to 

find j from the slope of the straight line in the coordinates of Figure 1. 
From Equations (1) and (2) it follows that 
2oN a 4s 

100 


where As = 8 — 8. 
For further calculations by this formula it is necessary to know the relation- 


£2 kg/cm? 
50 
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Fie. 3.—Variation of equilibrium modulus with the amount of bound sulfur added in the second stage 
of vulcanization, for different fractions of SKS-30A rubber with molecular weights from 100,000 to 1,170,000, 
from F, A. Galil-Ogly’s data (equilibrium modulus determined at 70°). 


ship between N and E,. For this we use the relationship N = CE!,,°, where C 
is a constant which depends on the physical properties of the polymer molecules 
and the temperature. 

This constant can be calculated if the length of the chain segment in the 
Kuhn model is known. According to Vishnitskaya, for NR / = 12.0 A (ac- 
cording to Kuhn / = 13 A), and for SKS-30A / = 12.6 A. 

Figure 1 gives data for NR at 20° and for SKS-30A (fraction of molecular 
weight 140,000) at 70°. For these temperatures, calculation of the constant 
gives the following values: C = 2.29-10'* for NR, and C = 1.96-10'* for SKS- 
30A, if the equilibrium modulus is expressed in kilograms per em*. 

Using the numerical values of the quantities in Formula (4) (9 = 0.96 for 
NR, p = 0.94 for SKS-30A vulcanizates), we find from the slopes of the 
straight lines in Figure 1 (for NR) and Figure 3 (for SSK-30A) that j ~ 7 for 
both rubbers. 
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At first sight, a very simple conclusion suggests itself: each crosslink is 
formed by the opening of an eight-membered sulfur ring, as in vulcanization 
without accelerators’. However, this cannot be asserted, in view of the possible 
deviations from the ideal vulcanization process. There are data’ showing that 
j should be smaller in vulcanization with an accelerator. It must be taken 
into account that part of the added sulfur does not form crosslinks', and this 
may lead to a decrease of j7. From the experimental results given (Figures 1, 
3, 4) it follows that the amount of sulfur which does not form crosslinks is pro- 
portional to the total amount of bound sulfur. 

Network defects (in contrast to the ideal network formed by crosslinking of 
a linear polymer of the maximum molecular weight) include closed loops, ends 
of molecules not included in the network, mechanical entanglement of two 
chains (according to Flory‘), crosslinks in close proximity to each other, and 
branching of the polymer chains. These “‘defects’’ can be taken into account 
only roughly and qualitatively. It has been shown for NR® that the ends of 
the original rubber molecules which do not enter into the network do not 
influence the equilibrium modulus if the initial molecular weight is high enough 
(150,000) and the modulus is not too low. It is evident that defects like ends 
and closed loops depend on the initial molecular weight. It follows from the 
data in Figure 3 that for SKS-30A rubber these defects are not significant, as 
the initial molecular weight has practically no influence on the equilibrium 
modulus. 

Crosslinks in close proximity arise with increasing frequency as the spatial 
network becomes denser and with greater irregularity of distribution of the 
sulfur molecules throughout the vulcanizate. Such defects should lead to 
deviations from the linear relationship shown in Figure 3 only with high con- 
tents of bound sulfur. For thin networks, such as are represented by the data 
in Figures 1-3, these defects can probably also be ignored. If ends, loops, and 
closely situated crosslinks are taken into account, the value of j should decrease 
(to only a slight extent for the vulcanizates in question). 

Other “defects’’, such as mechanical entanglement and branching, result in 
formation of additional crossbonds in the spatial network and therefore j would 
increase if they are taken into account. For NR and SKS-30A branching may 
be neglected. Mechanical entanglements are not fixed crosslinks in the net- 
work, as the points of contact continuously change because of thermal motion. 
These have not been taken into consideration in the deformation theory of 
network polymers. 

The views put foward above provide an explanation for the “critical’’ molec- 
ular weight of rubber, below which the first vulcanization stage is not found’. 
The material before vulcanization usually contains a certain number n’ of 
crosslinks of various origins. With a high enough molecular weight of the 
rubber this number may reach the critical value, and the critical molecular 
weight is therefore = BpN4/n’. 

The different coefficients for NR and SKS-30A (8 = 1 and = 7) were some- 
what unexpected. The probable explanation for the difference lies in the tech- 
nological preparation of the materials for vulcanization. Fractions of SKS-30A 
rubber were prepared in the form of films from a solution of the rubber and other 
ingredients in benzene, while the natural rubber mix was made in the usual way 
on mill rolls. The same result as for NR (8 = 1) was obtained for SKS-30A 
and SKS-30 mixes made on mill rolls. This probably indicates that the 
molecules become globulized in solution”, in contrast to mill processing, where 
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the chain molecules become ruptured and entangled. In this case the molecu- 
lar weight Mo refers not to the original rubber but to the material after milling. 

In a globular structure a considerable proportion of the crosslinks is used in 
intramolecular crosslinking, which prolongs the first structurization stage. 

In rubber technology attention has been devoted mainly to studies of the 
vulcanization optimum. The initial stage of vulcanization has been studied 
only recently. In two investigations": the conditions and duration of the 
initial stage of vulcanization were studied both from the technological and the 
chemical aspects (chemical kinetics of crosslink formation). 

The first vulcanization stage determines the correct technological production 
of molded rubber articles. The flow of the rubber mix and filling of the mold 
depend on the existence of this stage. The pressure in the vulcanization press 
and in pressure molding makes for a more rapid filling of the mold. Absence of 
the first vulcanization stage leads to the undesirable effect known as “‘scorch- 
ing’. At vulcanization temperatures (130-150°), as has been shown?*."4, 
irreversible flow occurs in network polymers also, but the rate of plastic deforma- 
tion at the second vulcanization stage is low and the mold is filled mainly during 
the first stage of the process. 


The duration of the first vulcanization stage ¢ = f = depends on the sul- 
0 


fur addition rate W = ds/dt, critical amount of sulfur so, and therefore on the 
type of accelerator group, vulcanization temperature, technological prepara- 
tion, and the molecular weight of the starting material. Absence of the first 
vulcanization stage is a result of the fact that a critical or larger number of 
crosslinks is formed in the original material before vulcanization, owing to 
thermooxidation processes, scorching, and other structurization processes. 
The existence of a prolonged first vulcanization stage (like its absence) is unde- 
sirable, and is caused by a low rate of sulfur addition, low molecular weight, 
absence of high molecular weight fractions in the rubber, globular structure of 
the polymer, etc. 

Correct technology of vulcanization of rubber mixes in molding presses 
should correspond to a quite definite optimum duration of the first stage of the 
process. At present the composition of the technological rubber mixes for the 
production of molded articles is based on the results of practical experience. 
Therefore the technological potentialities will be increased by the use of a 
method whereby the duration of the first stage can be determined. 

The duration of the first stage can be determined by measurement of the 
equilibrium modulus for different times of vulcanization of the mix. The non- 
equilibrium (technological) modulus is unsuitable for this purpose, as it is not 
zero for the plastic state. As an illustration, Figure 4 shows the variation of 
the equilibrium modulus with vulcanization time for an unfilled mixture made 
on rolls from SKS-30 rubber with 3 parts of sulfur and 1 part of mercaptobenzo- 
thiazole by weight, at a vulcanization temperature of 143°. 

At the present time the optimum value of the first vulcanization stage is 
chosen indirectly by plasticity tests on the mixes and by selection of rubbers of 
suitable molecular weight distribution, by addition of antioxidants, and by 
suitable selection of vulcanizing systems, mixing conditions, and vulcanization 
temperature. The simultaneous presence of fractions of low and high molecu- 
lar weight ensures plasticity of the mixture at the first stage and a high rate of 
network formation at the second stage. 
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kg/cm? 


Fig. 4.—Variation of the equilibrium modulus with vulcanization time for unfilled 
SKS-30 rubber, from published data?. 


The effectiveness of the proposed method should be verified by further 
investigations on technical rubbers. Applications of the method to studies of 
structurization processes in gelatin and resins!>.'* are of undoubted interest. 


SUMMARY 


1. The two-stage nature of network formation in polymers is discussed, and 
a formula is derived connecting the number of chains in the network with the 
initial molecular weight of the polymer and the number of crosslinks. It is 
shown that below a certain critical number of crosslinks a network is not formed. 

2. The application of the derived relationships in determination of the num- 
ber of sulfur atoms in the crosslinks, the critical molecular weight, and the 
degree of globulization of the rubber, has been studied in the case of rubber 
vulcanization. 

3. The first vulcanization stage is shown to be of considerable practical im- 
portance, as it determines the correct technological conditions for the vulcani- 
zation of rubber in molding presses, multilayer articles, etc. For this reason, 
determinations of the vulcanization optimum in rubber technology must be 
augmented by studies of the initial stage of the process. A method for deter- 
mining the duration of the first stage of vulcanization is described. 
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MODERN THEORIES OF RUBBER RECLAIMING * 


W. E. Srarrorp Anp R. A. WriGcut 


Tue Russer Receneratine Co. Lrv., First Avenve, Trarrorp Park, 
ANCHESTER, ENGLAND 


INTRODUCTION 


As early as 1858, Hiram L. Hall patented the use of higher temperatures for 
the purpose of plasticizing vulcanized rubber, and while very substantial im- 
provements in its utilization have been effected, this treatment together with a 
varying degree of subsequent mechanical working, still serves in most present 
day reclaiming processes. Fabric removal is normally achieved concurrently 
with the thermal treatment. Operating conditions are outlined below :— 


(a) Heating in hot dilute acids prior to plasticizing in steam!. 

(b) Heating under pressure with caustic alkali (360° to 400° F)’. 

(c) Heating under pressure with suitable metallic salt solution (360° to 
400° F)*. 

(d) Heating in an alkaline steam atmosphere upwards of 400° F*. 

(e) Mastication in an internal mixer at 400° to 500° F°. 

(f) Exposure to acid vapors®. 


(g) Biological methods’. 


The defiberized plasticized waste is converted to finished reclaim by a process 
of ‘“‘massing,"’ straining and final passage through tight set refiner rolls. Ignor- 
ing modifications and additions made to induce specific characteristics in the 
ultimate product, thermal plasticization can be regarded as a prerequisite of 
subsequent milling, etc., and is devised to achieve maximum quality and pro- 
ductivity. While the processes of reclaiming induce profound changes of 
rubber structure, etc., superficially reclaim can be regarded as being closely 
related in composition to the vulcanized scrap of origin, but possessing sufficient 
plasticity to admit of remolding, etc. Since most commerical processes employ 
the common factor of high temperatures, reclaim hydrocarbon can be regarded 
as having properties characteristic of its class. 

Orthodox reclaiming could be briefly shown by the diagram at top of p. 600. 

Fundamentals of thermal treatment.—Vulcanization is commonly regarded as 
involving the crosslinking of primary polymer chains resulting in a network 
structure and can be envisaged as a polymerization process. The relatively 
high temperatures commonly used in reclaiming (360° to 400° F) induce far- 
reaching and complex molecular breakdown, which can be looked upon as es- 
sentially one of depolymerization. The degree of breakdown is considerably 
influenced by such factors as heating media, composition of vulcanizate, tem- 
perature, time, etc. The type of polymer is of particular importance, for ex- 
ample, the well-known “‘marching’’ modulus of GR-S implies difficulties in 
thermal depolymerization. The strong surface forces of reinforcing pigments, 


* Reprinted from Proceedings of the Institution of the Rubber Industry, Vol. 4, pages 105-114 (1957). 
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RECLAIMING OPERATION DIAGRAM 


Vulcanized Rubber 
Energy or agent supplied 


Thermal Energy 

Reclaiming Agents 

Swelling Agents 

Tackifiers and 


Oxygen 
Defiberising Agents 


Defiberized plasticized 
rubber. Free sulfur 
removed or substantially 
combined. Proportion of 
rubber rendered soluble in 


Intense Mechanical Working———> 


¥ 
Reclaimed Rubber-—————> Extraneous matter 
removed by straining 
and refining. Rubber 
further plasticized by 


+ milling. 
>Natural Reclaimed Rubber——>Very gradual loss of 
plasticity. CHCl; 
extract slowly 
decreases. Virgin 
condition easily 
restored by a short 
milling. 


together with any increase in thermal stability necessitate modifications in the 
treatment afforded. Tire treads are, for example, more difficult to plasticize 
than red motor tubes. Winkelmann and Stafford® were among the first to show 
that reclaiming caused up to 50 per cent of the rubber hydrocarbon to be 
rendered chloroform soluble and that the soluble rubber has a lower sulfur 
content than the insoluble. The extent of chloroform solubility is regarded as 
a rough index of the degree of “molecular cracking’’ induced, and this rather 
viscous fiuid no doubt contributes materially to the physical plasticizing of the 
much tougher insoluble rubber. On the other hand, the ratio of soluble to in- 
soluble is not a reliable means of assessing the “workability” of the ultimate 
reclaim and this suggests that other chemical and physical changes are import- 
ant’. 

Consideration of reversion as applied to reclaiming.—There are obvious analo- 
gies between reclaiming and reversion. It has been suggested that the reaction 
responsible for reversion sets in at the start of cure, and that modulus measures 
the net effect of crosslinking minus reversion”. The high temperatures used in 
reclaiming rapidly cause the residual free sulfur to combine, this being followed 
by a process similar to reversion. Uma Shankar"! studied reversion and con- 
cluded that breakdown of crosslinkages, including polysulfides, predominates 
over any simultaneous formation and that exclusion of oxygen will not prevent 
reversion if the temperature is high enough to supply the necessary energy to 
break up the crosslinks. 

There are grounds for believing that heating above certain temperatures 
will increase the ratio of cyclic to polysulfide linkages. P. J. Flory, W. Rabjohn 
and M. C. Schaffer” suggest that the decrease in tensile strength accompanying 
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prolonged cure could not be attributed to a modification of the chain units, but 
rather to the continued formation of crosslinkages, the occurrence of chain 
scission or both. On heat aging, the latter becomes excessive. Reversion may 
be partly attributed to the rupture of previously formed crosslinks. 

R. L. Zapp, R. H. Decker, M. 8. Dyroff and H. R. Rayner vulcanized 
butyl rubber with sulfur, etc., at various temperatures between 250° to 400° F. 
As may have been anticipated, reversion was more pronounced at higher curing 
temperatures and was accompanied by high zine sulfide formation, and an in- 
creased combined sulfur per crosslink. Investigation has shown that unvul- 
canized butyl rubber showed no decrease in molecular weight on heating 10 
minutes at 400° F, this and other evidence indicating that the increased swelling 
in solvents observed with the progress of reversion, was the result of the rupture 
of disulfide crosslinks. F. P. Baldwin, L. B. Turner and R. L. Zapp“ suggest 
that hydrogen sulfide is partially responsible for the reversion of butyl vulcani- 
zates. 


R—S—S—R + H.S ———> 2RSH + § R—S—R + H.S ———> 2RSH 


These very brief references on the subject of reversion suggest that the rela- 
tively severe thermal conditions used in reclaiming would induce extensive 
molecular chain scission, together with profound changes in the combination of 
sulfur or other crosslinkages which are responsible for conferring the character- 
istics of vulcanization. Both these changes can be expected to reduce the re- 
sistance to deformation and to render the original vulcanized rubber more re- 
sponsive to the intense milling which follows the thermal treatment. 

G. F. Bloomfield'®, discussing the structure of vulcanized rubber indicates 
that only those sections of the molecular chains which are confined between the 
crosslinks can resist deformation. As pointed out, this is an idealistic explana- 
tion, but it can readily be seen that if reclaiming induces the breaking of chains 
between the crosslinks then there will be large increases in the extent of free 
ends which, of course, cannot resist deformation. This change towards a more 
plastic condition will be further increased by any rupture of the crosslinks, 
though it is possible that there may be a recombination of sulfur in an intra- 
molecular form with consequent modification of the structure of the ultimate 
reclaim. However, assuming that the process of reclaiming is essentially one 
of depolymerization it is customary to regard reclaim as being made up of frag- 
mentary molecules. At all events, all commercial reclaims have residual elastic- 
ity thus indicating that combined thermal and mechanical working have not 
completely removed the characteristics of vulcanization. The reversion reac- 
tion does not appear to be readily completed. 

Influence of conditions of heat application and nature of molecular breakdown. 
—According to the necessity or otherwise of destroying fiber, and dependent 
upon the ultimate type of reclaim required, commercial processing involves the 
use of various surrounding media, during the thermal treatment, e.g., water, 
steam, alkali, metallic salt solution, etc., and usually small ratios of oxygen. 
There is strong evidence that the presence of the latter plays a vital role in the 
mechanism of the softening process’®. It is suggested that this proceeds through 
a process whereby active radicals result from the application of thermal energy, 
followed by hydroperoxidation of the hydrocarbon chain and subsequent break- 
down with consequent depolymerization. D.S. LeBeau’? using a temperature 
of 196.6° C and up to 16 hours heating time, found certain specific differences 
in the physical and chemical changes dependent upon the medium used. As 
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already indicated, reclaiming conditions result in a proportion of the original 
vulcanizate becoming highly depolymerized and soluble in chloroform and the 
extent of this change, with certain reservations, is accepted as a measure of the 
degree of molecular breakdown. This was found to be greater after treatment 
with alkali and steam than with water or metallic salt solution. Antioxidants, 
as may be expected, somewhat decreased the breakdown rate. Losses in un- 
saturation and increases in acetone extract, while significant in some instances, 
were generally of a low order. It was concluded that hydroperoxidative break- 
down accompanied commerical reclaiming and that any secondary oxidation 
was only incidental. The influence of oxygen was described as temporary and 
this received additional support from an investigation based upon infrared 
spectrography'*. The hydroperoxidative breakdown in reclaiming may not 
follow exactly the same course as with unvulcanized rubber. G.F. Bloomfield’, 
in a paper on the oxidative breakdown of rubber, pointed out that whereas with 
vulcanized types initial oxidative attack probably involves hydroperoxidation, 
there may well be oxidation of the sulfide linkages. 

Aids to thermal plasticization.—In the technical operation of reclaiming it is 
usual to make suitable additions with the object of increasing thermal plasticiza- 
tion and to confer specific properties on the ultimate product. Very broadly 
these fall into three groups: 


(1) Swelling agents (relatively volatile and not completely retained in the 
ultimate reclaims). 

(2) Tackifiers and lubricants. 

(3) Reclaiming agents. 


Swelling agents.—These include terpene hydrocarbons, naphthas, etc., and 
while they are normally substantially eliminated after the removal of the charge 
from the autoclave, they do have a profound influence on speeding up and am- 
plifying depolymerization'*. This is amply proved by the chloroform extracts. 
It has also been shown that the efficiency of naphthas appeared to be linked 
with the auto-oxidative susceptibility, certain constituents, e.g., indene, di- 
cyclopentadiene, etc., being especially effective. There seems to be no doubt 
that the increased efficiency induced by certain swelling agents results from 
chemical rather than physical changes. 

J. R. Scott”, in a study of the swelling of vulcanized rubber by various 
solvents, identifies “swelling increment’’ which, it is suggested, results from 
chemical action involving depolymerization with the aid of oxygen. Turpen- 
tine and decalin both show high increments and are good swelling agents. 
There may be some parallel between reclaiming efficiency and swelling incre- 
ment, e.g., certain organic bases increase swelling increment and likewise some 
bases are effective reclaiming aids. Water was found to reduce swelling incre- 
ments, a finding said to be in accord with the effect of water in retarding the 
oxidation and deterioration of vulcanized rubber. It may well be that the 
presence of water during the heating with swelling agents as normally practiced 
in reclaiming operations has a significant influence in retarding deterioration by 
oxidation. Possibly the almost universal use of steam as the heating medium 
in reclaiming has advantages beyond that of supplying thermal energy economi- 
cally. 

F. 8. Rostler and R. M. White”, noting the higher swelling increments of 
unsaturated oils as compared to saturated, suggested that this may be related 
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to reaction between the former and sulfur of vulcanization, such as may occur 
at reclaiming temperatures. 

Tackifiers and lubricants.—These include a wide range of mineral oils, resins, 
etc., their function being to improve the workability of the resultant stock dur- 
ing the milling operation which follows heating, and to improve the character- 
istics of the ultimate reclaim. They are regarded as contributing little to 
molecular disaggregation, but function as useful tools in the ‘‘tailor making" of 
reclaims, since it is sometimes possible to use substantially higher ratios of 
these oils, etc., thereby reducing thermal treatment with resulting modification 
of the properties of the reclaim. The reclaiming of mixed polymers can be 
facilitated by the addition of swelling agents, etc., which have roughly the same 
effect on the various polymers. 

Reclaiming agents.—While these are of particular application to GR-S and 
nitrile rubbers, they have some usefulness in the reclaiming of natural scrap. 
Several interesting and important publications are available on this sub- 
ject??.23.24.25, A wide range of products has been prepared including the reaction 
products of monoaryl hydrazines with aldehydes and ketones, long chain ali- 
phatic amines, cyclohexylamine and the diary! sulfides**. Another important 
class is that of the Renacits, i.e., naphthyl, trichlorophenyl, and 9-anthranyl 
mercaptans. Certain of these bodies are found effective in alkali reclaiming, 
whereas others are only useful in neutral processes. The mechanism of these 
reclaiming agents is as yet a subject open to further research, but there are 
strong reasons for believing that they catalyze peroxidative chain scission and 
suppress or inhibit oxidative aggregation reactions. 

J. C. Amberlang and G. E. P. Smith™ suggested that polyalky! sulfides may 
react and disrupt the network structure by combining with the sulfur of the 
crosslinks. Direct oxygen determinations prove that 4,6-di-tert-butyl-m-cresol 
sulfide is an oxidative catalyst for many types of cured GR-S. The develop- 
ment of agents and techniques such as will admit of reclaiming by attacking the 
crosslinks rather than by extensive chain scission may well point the way to 
superior quality reclaims. 

Reclaiming synthetic rubbers—As compared with natural scrap, there are 
strong tendencies towards progressive hardening at the temperatures normally 
used for fabric destruction, but the difficulties have been overcome to a great 
extent. A much finer degree of disintegration is necessary, together with in- 
creased ratios of suitable swelling agents and, most important, the presence of 
reclaiming aids. 

D. 8. LeBeau’ discusses the effect of polymer structure upon the course of 
the reclaiming reaction explaining that in the case of GR-S, peroxidative chain 
scission is much less favorable than with natural rubber, while re-aggregation 
reactions are much more prone to occur. It has been suggested, and to some 
extent proved, that suitable reclaiming agents tend to correct these undesirable 
features, and in addition may further enhance plasticization by the destruction 
of crosslinks. The reclaiming of mixed GR-S and natural rubber requires a 
suitable choice of swelling agents, period and temperature of heating, etc., in 
order to avoid the oversoftening of the natural rubber and at the same time 
plasticize the GR-S to a sufficient degree. Vulcanized GR-S at reclaiming 
temperatures initially shows considerable softening, quickly followed by hard- 
ening, but by suspending the heat treatment prior to hardening setting in, suc- 
cessful reclamation of GR-S can be achieved. This is the basis of the Dip 
Process”®, 
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Butyl rubber.—Reference has already been made to this subject. The rub- 
ber is very readily plasticized by heat and shows no tendencies for rehardening. 
Plasticization would appear to be linked up with the destruction of crosslinks, 
together with the absence of re-aggregation tendencies. 

Neoprene and nitrile rubbers.—The heat hardening of these is more pro- 
nounced than with GR-S with consequent reclaiming difficulties. These rub- 
bers are not, as yet, extensively reclaimed. Success would appear to depend 
upon repression of re-aggregation reactions, and in this respect certain long 
chain aliphatic amines have been found effective. It is obvious that effective 
and economic reclaiming processes for these types of synthetic rubbers are 
likely to be of increasing importance as the uses of these polymers are extended. 

Silicone rubbers.—Little work has been done on this subject, but vulcanized 
products have been plasticized successfully by mechanical working and by 
heating in high pressure steam”. 

Mechanical working.—Completion of the reclaiming process involves very 
severe mechanical working by milling, straining and passage through the close 
set refining mills. While the latter operations are primarily designed to remove 
extraneous matter and to achieve the necessary level of homogeneity, they also 
induce certain deep seated changes in the structure of the rubber molecules 
themselves. 

H. F. Palmer and F. L. Kilbourne, Jr.’ have investigated these in some de- 
tail. Milling and straining do not appear to increase either acetone or chloro- 
form extracts to any significant extent, but refining was found to increase the 
latter. It is interesting to note that where there is a wide difference between 
refiner roll temperatures (in actual example quoted 132° and 118° C against 
49° and 63°, and 138° and 136° against 77° and 82° C) the cooler refiner rolls 
lead to greater increases in chloroform extract than do the hotter rolls. 

A recent paper by M. Pike and W. F. Webster” on the subject of mastication 
of rubber at various temperatures and conditions, indicates that at lower tem- 
peratures mechanical rupture of bonds takes place, followed by stabilization by 
oxygen or other suitable means and it may well be that the increase of chloro- 
form extract under very low temperature refining conditions arises from a some- 
what similar mechanism. 

Most practical reclaimers are aware of the marked difference resulting from 
hot and cold milling and refining. The Dunlop Rubber Company® have pat- 
ented a process of reclaiming by grinding cured rubber with pine oil on rolls 
below 60° C and raising the temperature to 60° to 120° C when a coherent sheet 
isformed. Milling at such temperatures would indicate the possibility of break- 
down beyond that obtained at the more usual working temperatures. From a 
more practical angle, it is important to ensure that the thermal treatment of 
the waste is sufficient to promote the necessary degree of smoothness of texture 
in the ultimate reclaim. If the material presented to the mills is unduly soft 
or tacky the refiner rolls are unable to perform their function of eliminating the 
hard nibs. Excessive plasticity will reduce the desired shearing effect, and like- 
wise slow down production and prejudice quality. 

F. L. Kilbourne Jr.*, in a comprehensive paper on the reclaiming of syn- 
thetic rubber suggests that waste after devulcanization consists of fragmentary 
molecules which during refining and straining are converted to oxidized frag- 
mentary molecules. Inadequate devulcanization is stated to increase the 
tendency to oxidation. It is thought that with progressive devulcanization the 
active centers lose some activity and in consequence a thorough heat treatment 
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reduces storage hardening by decreasing the formation of oxygen bridges be- 
tween the molecules. 


SUMMARY AND DISCUSSION 


From this brief outline it will be seen that the mechanism of devulcaniza- 
tion is, as yet, imperfectly understood, but some fundamental and practical 
progress has been achieved. Complete understanding cannot be attained 
without a better knowledge of the structure of vulcanized rubber and other 
polymers. The work of D. 8. LeBeau, F. L. Kilbourne and others has estab- 
lished that hydroperoxidative chain scission is predominant in reclaiming and 
that secondary oxidation is small and incidental. The relative ease with which 
natural rubber responds to breakdown as compared with GR-S, nitrile rubbers, 
noeprene, etc., indicates the necessity of research to devise other means of in- 
ducing plasticization in the latter. If, as one may assume, the properties of 
vulcanizates are largely induced by crosslinking, the removal or modification of 
these is the obvious way to approach the problem. It has already been indi- 
cated that there is some reason to believe that certain of the reclaiming aids 
function in this way. The authors hold the view that modifications in the 
nature of the combination of sulfur and other crosslinking agents may well play 
a significant role in the plasticization which can be induced by heat in both 
natural rubber and GR-S. There is ample evidence that reclaiming tempera- 
tures will induce far reaching modifications in the degree of crosslinkages, etc., 
and this may contribute materially to the devulcanization process. The pros- 
pects of basically improving reclaim are severely limited so long as the methods 
employed rely upon chain scission resulting in fragmentary molecules, and it is 
felt that attention might profitably be paid to the problem of removing or suit- 
ably modifying crosslinkages to diminish the vulcanized characteristics which 
they confer, or alternatively to carry the breakdown almost as far as the mono- 
mer and follow this with repolymerization. 

While a definite minimum of thermal treatment is as yet necessary for prac- 
tical reclaiming, it is accompanied by a certain amount of degradation. H. F. 
Palmer and F. L. Kilbourne’ compared reclaim prepared by two methods: (a) 
high plasticization and moderate heat treatment (i.e., low chloroform extract) 
and (b) moderate plasticization and severe heat treatment (i.e., high chloro- 
form extract). Type (6) can be considered to have suffered much more ex- 
tensive molecular breakdown than (a). The two reclaims were compared in a 
standard formula and in spite of the high oil content, the cured characteristics 
of the former were somewhat superior to (b). This finding would suggest that 
chloroform extract makes but limited contribution to ultimate physical proper- 
ties, though it is important since it contributes to the plasticity of the uncured 
reclaim. This finding confirms that the achievement of the necessary plasticity 
by means of a smaller extent of thermal treatment, i.e., reduced molecular dis- 
aggregation, suggests another approach to improving reclaim qualities. Since 
a very high proportion of waste contains fabric and high temperatures are re- 
quired to remove it, the practical solution of the problem is still some distance 
away. The nearest approach perhaps lies in the mechanical removal of fabric 
to obtain clean vulcanized waste. 

In the meantime, we are now beginning to obtain some real understanding 
of the mechanism of orthodox reclaiming, an essential prerequisite for improv- 
ing existing processes and developing new means of handling synthetics. 

If molecular disaggregation is solely responsible for reclaiming and the fate 
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of the crosslinkages is entirely negative, the chloroform extract should within 
limits be a positive index of efficiency and workability. This is not the case 
and other changes must be considered. As pointed out, the greater proportion 
of the combined sulfur of the original waste is retained in the chloroform insolu- 
ble fraction, and it is felt that a study of the mode of combination of the sulfur, 
i.e., inter- or intramolecular, etc., would be illuminating. As stated earlier, 
the residual elasticity of all reclaims indicates that some of the original condition 
of vulcanization is retained, and it may well be that this insoluble fraction re- 
tains much of its sulfur combined in an intramolecular form which would parti- 
ally account for its comparative inability to resist deformation. On the other 
hand, while oxidation is considered to be mainly incidental to the process of 
hydroperoxidative chain scission taking place during heating, it may play a 
more significant role during the milling process. To a certain extent we may 
draw an analogy between the mill plasticization of the chloroform insoluble 
rubber and the mastication of unvulcanized rubber. It is probable that the 
chloroform soluble rubber serves as a very efficient plasticizer for the insoluble 
and that one of the functions of mechanical working is to effect the dispersion of 
the two. The relatively small increase in chloroform extract which results from 
straining and refining makes clear that we cannot regard this as mere extension 
of the prior heat treatment. 


CONCLUSION 


Much of the foregoing is indeed speculative and, until such time as the 
process of vulcanization is fully understood, this state of affairs will remain. 
The methods of trial and error upon which the reclaiming industry was origin- 
ally founded will not be so successful with the synthetic rubbers as they were 
with the natural product, and a better understanding of existing processes is 
essential for the development of procedures. 


SUMMARY 


The general principles of rubber reclaiming have been briefly described. 
References have been made to some of the more recent work on this subject, 
and some of the common ground of reversion and reclaiming has been indicated. 
Some speculation on the possibilities of further basic improvements has been 
put forward. 
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ORGANIC SULFIDES AND POLYSULFIDES. I. 
DESULFURIZATION REACTIONS * 


Yust Minoura 


Toxyo UNIVERSITY 


INTRODUCTION 


Polysulfides, polysulfide types of synthetic rubbers (Thiokol Type A, etc.) 
and vulcanization accelerators (thiazoles, thiurams, etc.) are used in the rubber 
industries. These materials have uncertain structures, reactions and identifica- 
tions. Even simple polysulfides, such as tri- or tetrasulfides, have until now 
not been obtained in pure form, and we have only assumed the existence of them 
from the use of simple analytical methods. The polysulfide polymers are pre- 
pared by the reaction of sodium polysulfide and organic dichloride, but their 
structures are uncertain. The results of reactions between the organic poly- 
sulfides and mercury, copper, potassium cyanide (sodium cyanide) and sodium 
sulfite will be discussed here. 


PREPARATION OF MATERIALS 


p,p’-Ditolyl sulfide'.—p-Toluidine was dissolved in hydrochloric acid, and 
solution of sodium nitrite was added to the solution, with cooling, to form the 
diazonium chloride. The product treated with sodium sulfide solution, vacuum 
distilled (b.p. 175°/16 mm Hg), and then recrystallized from alcohol gave 
crystalline needles, melting at 57°C. The analyses of this and of other suliides 
are given in Table I. 

p,p'-Ditolyl disulfide?.—Thio-p-cresol (m.p. 43°) was dissolved in acetic acid 
and after adding FeCl; the solution reacted on heating. Recrystallization from 
alcohol gave crystalline needles melting at 46°. 

p,p’-Ditolyl trisulfide—An ether solution of sulfur dichloride was added to 
a solution of thio-p-cresol in ether with cooling. Recrystallization of the 
product from alcohol or ether gave a light yellow crystalline solid, m.p. 76° C. 

p,p’-Ditolyl tetrasulfides—An ether solution of sulfur monochloride was 
added to an ether solution of thio-p-cresol with cooling. Recrystallization of 
the product from alcohol or ether gave a yellow crystalline product. 

Dibenzy! sulfide’ —Benzylchloride (b.p. 174-180°C), dissolved in alcohol, was 
heated to about 60° C. A solution of sodium sulfide was added dropwise. An 
oily material separated on cooling. Recrystallization from alcohol gave a solid, 
m.p. 48.5°, 

Dibenzyl disulfide®—Sodium disulfide solution was prepared by adding the 
calculated quantity of sulfur to a solution of sodium sulfide. A reaction was 
then carried out as in the case of dibenzyl sulfide. Oily material was obtained 
which crystallized from alcohol, m.p. 70.5° C. 


* Translated from the Journal of the Society of the Rubber Industry of Japan, Vol. 23, 212-215 
Geet. This and the following five translations were supplied through courtesy of E. M. Fettes and 
the Thiokol Chemical Corporation. 


608 


Ay 
Gs 
| 
a) 


SULFIDES AND POLYSULFIDES 609 


Dibenzyl trisulfide’—Benzyl mercaptan (b.p. 76°/12 mm Hg, 82.5°/13 mm 
Hg), prepared from benzyl chloride and sodium hydrosulfide reacted with sulfur 
didhloride in ether solution. The product was recrystallized from carbon tetra- 
chloride, yielding crystalline needles, m.p. 49°. 

Dibenzyl tetrasul fide’ —Benzyl mercaptan was reacted with sulfur chloride 
in an ether solution. Recrystallization of the product from ether or carbon 
tetrachloride gave a yellowish crystalline material, m.p. 54° C. 

Thiodiglycolic acid*—Sodium salt, obtained by adding sodium hydroxide 
to a solution of monochloroacetic acid, was treated with sodium sulfide at 80° C. 
After cooling, the solution was acidified by sulfuric acid and then extracted 
with ether. Thioglycolic acid was obtained from the ether extract. The 
product was recrystallized from ether or warm water, m.p. 128-129° C. 

Dithiodiglycolic acid".—The sodium salt of monochloroacetic acid was re- 
acted with sodium disulfide in solution as above, and then acidified with sul- 


TaBLe 


ELEMENTARY ANALYSES 
C, % H, % 
M.p. 
Sulfides CC ra Obs. Cal. Obs. Cal. 
p,p’-Ditolyl 

mono- 57 78.71 78.50 6.67 6.54 
di- 46 68.41 68.29 5.72 5.69 
tri- 76-77 60.20 60.43 5.31 5.04 
tetra- 75 54.58 54.20 4.66 4.52 


Dibenzy] 


mono- 48.5 78.55 78.50 5.92 6.54 
di- 70.5 68.66 68.29 5.17 5.69 
tri- 49 60.84 60.43 6.13 5.04 
tetra- 53.04 54.20 5.37 4.52 


Diglycolic acid 


mono- 128-129 32.11 32.00 4,28 4.00 
di- 100 27.20 26.37 3.64 3.29 
tri- 123-124 22.84 22.43 3.02 2.80 
tetra- 112-113 20.12 19.51 2.57 2.44 


furic acid and extracted with ether. 
m.p. 100°. 

Trithiodiglycolic acid’*".—Thioglycolic acid (HSCH,;COOH) obtained from 
the reaction between monochloroacetic acid and sodium hydrosulfide was 
treated with sulfur dichloride in ether solution. Recrystallization of the pro- 
duct from ether gave a solid melting at 123-124°. 

Tetrathiodiglycolic acid.—Thioglycolic acid was treated with sulfur mono- 
chloride in ether solution and the product recrystallized from ether, m.p. 112- 
113° C. However, the product decomposes, even at room temperature. 

The reactions of mercury, copper, potassium cyanide or sodium sulfite with 
the sulfides to form HgS, CuS, KCNS and Na2S.0;3 were studied. These 
reagents do not react with mercaptans. 

Reactions with mercury.—Each powdered p,p’-ditolyl mono-, di-, tri and 
tetrasulfide was added to mercury at room temperature. The tetrasulfide re- 
acted with mercury gradually and gave black mercury sulfide. Each product 


Recrystallization from ether gave a solid, 


ay 
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extracted by ether and recrystallized from alcohol had melting points as follows: 


-8:- -8:- 
M.p. Before reaction 57°C 46 76-77 75 
After reaction 57 46 46 45-46 


From these results it is apparent that only the tri- and tetrasulfides were 
desulfurized by mercury to form disulfide by losing one and two atoms of sulfur, 
respectively. Mono- and disulfides did not react even on warming on the water 
bath. Desulfurization of the tri- and tetrasulfides was accelerated by heating. 

Benzyl tri- and tetrasulfides, in similar experiments, gave mercury sulfide 
and their reaction velocities were faster than in the ditolyl series. Tetrasulfide 
reacted more readily than sulfur and gave mercury sulfide. Results were as 
follows: 


-8:- -S:- -S:- 
M.p. Before reaction 49 71 49 54 
After reaction 49 71 70-71 71 


The mono- and disulfides did not react even on heating. On the other hand, 
tri- and tetra- sulfides gave disulfides, by desulfurization. 

In the cases of diglycolic acid, the di-, tri- and tetrasulfides gave mercury 
sulfides, and they reacted more readily than the dibenzyl series, the results 
being indicated as follows: 


-8:- 


M.p. Before reaction 128-129 100 123-124 112-113 
After reaction 128-129 126-128 127-129 128-129 


The di-, tri- and tetrasulfides were converted to monosulfide by heating, but 
the monosulfide was unchanged. 

The relative reaction velocity of desulfurization by mercury of the various 
series of sulfides is p,p’-tolyl < dibenzyl < diglycolic acid series. The first 
two gave disulfides on reaction, but the diglycolic acid series gave monosulfides. 
The higher the content of sulfur in a polysulfide, the easier the desulfurization 
is carried out. 

Reactions with copper.—Treating with powdered copper, the results were the 
same as in the cases of mercury. p,p’-Tolyl and dibenzy] series gave disulfides, 
and diglycolic acid series gave monosulfides. Cupric sulfide was obtained and 
the reaction velocity is slower than for that with mercury. 

Reactions with potassium cyanide.—Each sulfide was dissolved in alcohol or 
acetone, added to a solution of potassium cyanide and then heated on a water 
bath. After extracting with ether, the product was recrystallized from alcohol 
and the melting point measured. p,p’-Tolyl and dibenzyl series, as with the 
mercury and copper, gave disulfide. Mono- and disulfides gave no reaction. 


-S:- -8:- -S.- 
re series 57 46 46 46 
ibenzy] series 49 70-71 70-71 70-71 


The sulfides of diglycolic acids dissolved in water reacted with ferric chloride. 
Di-, tri- and tetrasulfides showed the formation of SCN- ion; on the other hand, 
the monosulfide gave no reaction. Reacting with potassium cyanide, di-, tri- 
and tetrasulfides were converted to monosulfide by desulfurization, but the 
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product was not pure monosulfide. The ease of desulfurization, in this case, is 
p,p’-tolyl < dibenzyl < diglycol. 

Reactions with sodium sulfite (Na2»SO3).—A saturated solution of sodium 
sulfite was added to an acetone solution, in which each sulfide had been dis- 
solved, and then the mixture was heated. After extraction and recrystalliza- 
tion, the melting point of the product was measured. In the cases of p,p’-toly] 
and dibenzyl series, tri- and tetrasulfides were changed to disulfide; on the 
other hand, mono- and disulfides were not changed. 

The sulfides of diglycolic acid series were dissolved in water and a saturated 
solution of sodium sulfite added. In these cases, di-, tri- and tetrasulfides 
reacted, and sodium thiosulfate was identified by the silver nitrate method. 
Monosulfide did not react. According to these results, di-, tri- and tetrasulfides 
were desulfurized by sodium sulfite. However we could not get pure monosul- 
fide from the products. 


CONCLUSIONS 


Mercury, copper, potassium cyanide and sodium sulfite were found to 
desulfurize organic polysulfides. In the p,p’-ditolyl and in the dibenzy] series, 
the di-, tri- and tetrasulfides gave disulfide by desulfurization. On the other 
hand, in the case of diglycolic acids, di-, tri- and tetrasulfides gave monosulfides. 
The sulfide, which has high polarity in its radical, is easily desulfurized. The 
relative ease of desulfurization is—diglycolic acid > dibenzyl > p,p’-tolyl. 
In the same series, the higher the sulfur content, the more unstable it seems to 
be. Mercury is more reactive with sulfides than is copper. 
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ORGANIC SULFIDES AND POLYSULFIDES. II. 
REACTIONS WITH HYDRAZINE, 
ETHYLENEDIAMINE AND AMMONIA * 


Yust Minoura 


Toxyo UNIVERSITY 


In the preceding paper’, the synthesis and the reactions of organic sulfides 
and polysulfides with mercury, copper, cyanides and sodium sulfite were dis- 
cussed. In this present paper, reaction of these sulfides with distilled hydrazine 
hydrate (NH.NH:2- H;0, b.p. 119-120°), (distilled) ethylenediamine (b.p. 117°), 
and ammonia will be discussed. p-Tolyl mercaptan, m.p. 43°, and benzyl 
mercaptan, b.p. 76°/12 mm or 82.5°/13 mm, are also included in this study. 

Reactions of organic polysul fides with hydrazine hydrate-—Hydrazine hydrate 
gives a ketazine bond by reaction with a thioketone: 


R—C—R + NH:NH. ——— R—C—R + HS 


R R R 
2 -NH; ———> + 
8 
If a sulfur atom is adjacent to a sulfur bond such as i oti and fi 1 


the sulfur of the side chain will react with the thioketone and give a ketazine 
bond. 

Each sulfide was dissolved in alcohol and then hydrazine hydrate was added 
to the solution. Mono-, di-, tri- and tetrasulfides of the tolyl series, and tolyl 
mercaptan reacted gradually with hydrazine in the alcohol solution at room 
temperature. Mercaptan, and tri- and tetrasulfides gave yellow to brown solu- 
tions. In these cases tri- and tetrasulfides generated hydrogen sulfide which 
was identified with lead acetate. After concentrating the reaction solutions 
and standing, crystals formed and were recrystallized from alcohol. Melting 
point data were as follows: 


p-Tolyl -SH -8:- -8:- -8:- 
M.p. Before reaction 43°C 57°C 46° C 77°C 75° C 
After reaction 46°C 57°C 46°C 46° C 46° C 
(HS) (H,8) 


Mercaptan was oxidized to give disulfide, while tri- and tetrasulfide also gave 
disulfide. 


* Translated from Journal of the Society of the Rubber Industry of Japan, Vol. 24, pages 263-265 (1951). 
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When sulfur was dissolved in hydrazine hydrate, ammonia and hydrogen 
sulfide were generated. However, we could not obtain the crystalline form 
of NH:NH:- by decomposition with water**. The sulfur removable from 
tri- and tetrasulfides thus reacts as does free sulfur. 

Benzyl mercaptan and benzyl mono-, di-, tri- and tetrasulfides were treated 
with hydrazine, and the products obtained were identified by elemental analy- 
sis and by melting point. Melting point data were as follows: 


Benzyl -8 -8- -8:- 


H 

M.p. Before reaction aoe He) 
°/12 mm Hg 

71 


49 71 49 54 
76 


After reaction 49 71 


71 71 
(H2S) (HS) 
Mono- and disulfides gave no reaction; on the other hand, tri- and tetrasulfides 
were desulfurized and converted to disulfide. Benzyl mercaptan was oxidized 
to disulfide. 

Thiodiglycolic acid and dithioglycolic acid were treated with hydrazine in 
water solution. At room temperature, thiodiglycolic acid gave resinous ma- 
terial without the generation of hydrogen sulfide. This resinous material 
could not be identified. In case of reaction with heating, hydrogen sulfide was 
found and lead sulfide was precipitated by treatment with lead acetate. Di- 
thiodiglycolic acid was treated with hydrazine at room temperature. It is 
assumed that dithioglycolic acid was desulfurized by hydrazine. 

From these results, we found that tri- and tetrasulfides of both the p-tolyl 
and benzyl series were desulfurized to disulfide by hydrazine, and mercaptan 
was oxidized to disulfide. All the polysulfides of the diglycolic acid series were 
desulfurized to monosulfide at room temperature. 

Reaction of polysulfides and ethylene diamine.—Ethylenediamine was added 
to alcoholic solutions of the polysulfides. On heating on a water bath, tri- and 
tetrasulfides and mercaptan reacted and on standing crystals came down. 
The melting points of the products after reaction were as follows: 


-SH -S:- -8:- 


M.p. Tolyl series: 46°C 57 46 46 46 
Benzy] series: 71 49 71 71 71 


Mercaptans were oxidized, and disulfides gave no change. Tri- and tetra- 
sulfides were desulfurized to disulfide. 

Thioglycolic acid gave resinous materials, and hydrogen sulfide was evolved 
on heating. On the other hand, dithioglycolic acid also showed the generation 
of hydrogen sulfide. Qualitatively, hydrazine was more reactive than ethyl- 
enediamine. The reaction between ethylenediamine and a thioketone has been 
reported® to be: 


+ NH,CH,CH:NH, ——+> C=N—CH,CH:—N 4 + 


Reaction of polysulfides and ammonia.—Ammonia was added to alcoholic 
solutions of the organic polysulfides. By heating on a water bath and then 
cooling, crystalline products were obtained. After recrystallization from al- 
cohol, melting points were measured, In the case of the tolyl and benzyl 


614 RUBBER CHEMISTRY AND TECHNOLOGY 


series, tri- and tetrasulfides were converted to disulfides. Mercaptans also 
gave disulfides. Mono- and disulfides were unchanged. 

Dithioglycolic acid was desulfurized by ammonia and thioglycolic acid 
generated hydrogen sulfide in the presence of ammonia by heating. Thioke- 
tone groups give ketones by reaction with ammonia®, 


CONCLUSIONS 


The results showed that desulfurization occurred in the reaction between 
organic polysulfides and hydrazine, ethylenediamine or ammonia. Hydra- 
zine, ethylenediamine and ammonia react with organic sulfides as follows: 


R—S—R or R—S.—R ———> No change 


Desulfurization 
R—S;—R or R—S,—R + R—S.—R 


2R—SH R—S.—R 


In the case of strong polarity, even the glycolic acid series which has di- 
sulfide groups was desulfurized to monosulfide. The stronger the polarity 
of the molecule, the easier it is to desulfurize. The reaction of polysulfides can 
be distinguished from the reaction of thioketones. 
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ORGANIC SULFIDES AND POLYSULFIDES. III. 
REACTIONS WITH AMINES * 


Yust Minoura 


Tokyo TecHNoLoeicaL UNIVERSITY 


In the previous paper', the reactions of organic polysulfides with hydrazine, 
ethylenediamine and ammonia were reported. Now, in this paper, reactions 
between organic polysulfides with such amines as monomethylamine, dimethyl- 
amine, trimethylamine, aniline and diphenylamine will be discussed. The 
results obtained will give a new answer to the questions such as peptization and 
vulcanization. 

Monomethylamine (b.p. —6°), dimethylamine (b.p. 8°) and trimethyl- 
amine (b.p. —3°) were prepared from their hydrochlorides by adding sodium 
hydroxide and absorbing them in alcohol, which was cooled in an ice bath. 
These alcoholic solutions were used. Aniline (b.p. 184°) and diphenylamine 
(m.p. 54°) were commercial samples. The sulfides used were described in the 
previous paper. 


REACTIONS WITH ALIPHATIC AMINES 


Reactions with momomethylamine.—Benzyl mercaptan, as well as benzyl 
mono-, di-, tri- and tetrasulfides did not react with momomethylamine at room 
temperature. However, the mercaptan and the tri- and tetrasulfides reacted 
on heating, and after concentrating the solutions, crystalline products were 
obtained. From the melting points and elemental analyses, it can be seen that 
mercaptan, tri- and tetrasulfides were converted to disulfides ; on the other hand, 
the mono- and disulfides were unchanged. With respect to rate of conversion 
to disulfide, mercaptan is fastest, and then the tetra- and trisulfide. The tri- 
sulfide is the slowest. The melting points before and after reaction were as 
follows: 


Benzyl -SH 


M.p. Before reaction liquid 49 71 49 54 
After reaction 71 49 71 70-71 71 


The reaction mechanisms are believed to be the same as in the case of ammonia. 

p-Tolyl mercaptan, p,p’-tolylmono-, di-, tri- and tetrasulfide were found to 
react with monomethylamine. The mercaptan, tri- and tetrasulfides were 
converted to disulfide, but the mono- and disulfides did not change. After 
concentrating, recrystallizations of the products were carried out. Melting 
points were as follows: 


p-Tolyl -SH -8:- 


M.p. Before reaction 43 57 46 
After reaction 46 57 46 


* Translated from J. Soc. Rubber Ind. Japan 24, 266-268 (1951). 
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The desulfurization of p-tolyl tri- and tetrasulfides was faster than in the 
benzyl series. The mercaptan was the fastest, the trisulfide the slowest. 

In the case of reactions of methylamine with thiodiglycolic acid and dithio- 
diglycolic acid, dithioglycolic acid was converted immediately and gave mono- 
sulfide and thioglycolic acid was changed to a brown solution. From these 
results it is believed that the reactions of polysulfides and methylamine were 
the same as those for ammonia. 

Reactions with dimethylamine.—An alcoholic solution of dimethylamine was 
added to the sulfides and polysulfides. Generally speaking, the reaction veloc- 
ities are faster than with monomethylamine. After recrystallization of the 
products, melting points were measured. The results were similar to those for 
methylamine, that is, in the tolyl and benzyl series, mercaptan tri- and tetra- 
sulfides gave disulfide, and in the case of the glycolic acid series the mercaptan 
and dithiodiglycolic acid gave monosulfide. 

Reactions with trimethylamine.—Reactions were carried out by heating. 
Results were similar to those with mono- and dimethylamine already mentioned. 
After reaction, melting points were determined and elemental analyses carried 
out. In the benzyl and tolyl series, mercaptan and tri- and tetrasulfides were 
changed to disulfide. Mono- and disulfides were not changed. In the glycolic 
acid series, even the dithiodiglycolic acid gave monosulfide. 

From these results it is evident that mono-, di-, and trimethylamine gave 
the same reactions with organic sulfides and polysulfides, that is, mercaptan and 
tri- and tetrasulfides were changed to disulfides in the tolyl and benzyl series. 
On the other hand, in the glycolic acid series, disulfide also was changed to mono- 
sulfide. This is due to the lability of sulfur adjacent to a polar radical. The 
desulfurization reaction occurs easily with molecules having polar radicals. 
The relative facility of desulfurization is: glycolic acid > benzyl > tolyl. 
Tetrasulfides were easily desulfurized. 

The relative reactivity of amines is (CH;)3N < < (CH3)2NH. 
It is identical to the relative order of alkalinity of the amines. Considering 
only I-effect, the relative basicity must be NH; < CH;NH:2 < (CH;)2.NH 
< (CH;)3N, but the nitrogen atom of (CH;3)3N has three methyl groups; 
therefore, the basicity of trimethylamine is reduced by its back side strain. 
The actual basicity of the amines thus becomes NH; < (CH3)sN < (CH3)NHe 
< (CH3)2NH. 


REACTIONS WITH AROMATIC AMINES 


Reactions with aniline-——Aniline was added to alcoholic solutions of the 
sulfides, and then the mixtures were heated for a long time. After six hours of 
heating, aniline separated on adding water. Hydrochloric acid was added to 
the mixture and the aniline thus dissolved in the water layer. The oily product 
was recrystallized from alcohol and its melting point measured. The results 
were: 


Benzyl -8H -8:- -8:- 


M.p. Before reaction liquid 49 71 49 54 
After reaction liquid 49 71 49 53-54 


It is evident that none of the sulfur compounds reacted. 
p-Tolyl mercaptan, p,p’-tolyl mono-, di-, tri- and tetrasulfides were dis- 
solved in alcohol and heated with aniline. Melting points after recrystalliza- 
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tion were as follows: 


p-Tolyl -SH -8:- -S:- -8:- 


M.p. Before reaction 43 57 46 76-77 75 
After reaction 43 56-57 46 76 74-75 


As in the benzyl series none of the p-tolyl sulfides reacted. 
Sulfides of the glycolic acid series also gave no reactions. After reaction, 
water was added to remove aniline as an oily material. After concentrating 
the water layer, the product was recrystallized from alcohol. The melting 
points were: 
Glycolic acid -S:- 
M.p. Before reaction 128-129 100 
After reaction 127-129 100 


Reaction with diphenylamine.—As with aniline, diphenylamine was heated 
with alcoholic solutions of sulfides for longer than ten hours. However, we 
could find no reaction. This is because of the still weaker basicity of diphenyl- 
amine. We did not carry out an experiment with triphenylamine. Triphenyl- 
amine, we suppose, will not react with organic sulfides. 

Unlike aliphatic amines, aniline has a large resonance effect in its structure. 
Its ionization constant is 3.8 X 10~ and this shows that aniline is a very weak 
base (aliphatic amines: 10-* to 10-5). Aromatic amines, such as aniline and 
diphenylamine, do not react with organic polysulfides because of their weak 
basicity. 


CONCLUSIONS 


1. Mono-, di-, and trimethylamine when treated with benzyl and tolyl 
mercaptan give disufides; on the other hand, thioglycolic acid gives the mono- 
sulfide. 

2. Aniline and diphenylamine do not react with mercaptans or organic 
sulfides. 

3. Mono-, di- and trimethylamine react with organic polysulfides. The 
tri- and tetrasulfides of the tolyl and benzy] series give disulfides by desulfuriza- 
tion. The glycolic acud sulfides are desulfurized to monosulfide. 

4. The relative desulfurization activities of mono-, di- and trimethylamine 
are (CH3)3N < CH3;NH2 < (CH3)2NH. This order is the same as for the 
basicity of these amines. Aromatic amines, because of their weak basicity, do 
not react with organic polysulfides. 

5. The relative ease of desulfurization is in the order glycolic acid > benzyl 
> tolyl. The more sulfur a polysulfide contains, the more readily it desul- 
furizes. The mercaptan to disulfide reaction rate is faster than desulfurization 
of polysulfides. 
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ORGANIC SULFIDES AND POLYSULFIDES. IV. 
REACTIONS WITH DOCTOR SOLUTION, 
SILVER NITRATE, CUPRIC ACETATE 
AND LEAD ACETATE * 


Yust Minoura 


Toxyo TecHNoLoGicaL UNIVERSITY 


In previous papers':** the properties and reactivities of the organic sulfides 
and polysulfides have been discussed. In this paper the author discusses the 
reactions between organic polysulfides and reagents which react with the mer- 
captan radical (—SH). Doctor solution, silver nitrate, lead acetate and cupric 
acetate will be discussed here. 

Preparation of materials and reagents.—The sulfides and polysulfides used 
were the same as those used in previous papers!’ 

Doctor solution is customarily made by mixing sodium hydroxide with lead 
oxide or lead hydroxide‘; the author saturated a 20-25% sodium hydroxide 
solution with lead oxide. These reactions are supposed to be as follows®: 


2NaOH + PbO ———> Na2PbO, + H:0 
or 2NaOH + PbO + H.O ——— Na:z(Pb(OH),) 


This formula is equivalent to Na,PbO:2 with two molecules of water of hydra- 
tion. 
Doctor solution reactions.—Doctor solution reacts with organic polysulfides 
as follows: 
2 RSH + Na,:PbO, ———> RS—Pb—SR + 2 NaOH 
RS—Pb—SR + S ———> RS—SR + PbS 


heat 
RS—Pb—SR ———» RSR + PbS 


In such cases, RS—Pb—SR and PbS can be determined. The reaction of 
doctor solution has been presented by Ott and Reid® to involve hydration in 
the presence of alkali of PbO to Pb(OH)2 which reacts with mercaptan as fol- 
lows: 


Pb(OH), + RSH = RS—Pb—OH + H.0 (A) 
Pb(OH); + 2 RSH = RS—Pb—SR + 2 H.0 (B) 
RS—Pb—OH + RS—Pb—OH = RS—Pb—O—Pb—SR + H.0 (C) 
RS—Pb—OH + NaOH = RS—Pb—ONa + HO (D) 
NaOH + RSH = RSNa + H;O (E) 


They surmised that (A) and (B) are the chief reactions and that (E) is possible 
but is not important in the case of a secondary mercaptan. The reaction of 


* Translated from J. Soc. Rubber Ind. Japan 28, 141-145 (1955). 
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mercaptan doctor solution in any case is one of producing RS—Pb—SR and 
PbS. 

Doctor solution was added to alcoholic solutions of mercaptan or organic 
sulfides. Benzyl mercaptan and benzyl di-, tri- and tetrasulfide reacted with 
doctor solution and gave a precipitate of lead sulfide. Mercaptan is most 
sensitive in this reaction. The reaction velocity was accelerated by heating. 
The sulfides thus reacted with doctor solution in the presence of alkali. Only 
benzyl monosulfide failed to react. The doctor solution reactions involve 


lkali 
R—S—S—R + H,O ———> RSH + RSOH 


that is, mercaptan and a sulfenic acid can be produced’. The reaction velocity 
of mercaptan is fastest, and then tetra-, tri-, and disulfide. All give lead sulfide 
except monosulfide which does not give any reaction. 

p-Tolyl mercaptan and p,p’-ditolyl mono-, di-, tri- and tetrasulfides were 
treated with doctor solution. They showed the same reactions as in the case 
of the benzyl series. The reaction velocities of di-, tri- and tetrasulfide, except 
mercaptan, were slower than in the benzyl series. Monosulfide gave no re- 
action. 

In cases of thiodiglycolic acid (HOOCCH,—S—CH,COOH) and dithio- 
diglycolic acid (HOOCCH:—SS—CH,COOH), the former gave a white pre- 
cipitate and the latter a reddish brown one. Both changed to black on standing. 
The black precipitate was identified as lead sulfide but the composition of the 
initial precipitates was uncertain. 

Sulfur reacted with doctor solution on heating and gave lead sulfide. Sodium 
sulfide, formed from sodium hydroxide and sulfur: 


6S + 6NaOH ———> 2Na.8; + Na.S.0; + 3H.O 


reacted to precipitate lead sulfide. Therefore, in the reaction with doctor 
solution, the polysulfide, which is easily desulfurized, gives lead sulfide. 

Reaction of silver nitrate and organic sulfides.—The reaction reported? in the 
qualitative analysis of mercaptans is as follows: 


RSH + AgNO. ———> RSAg + HNO; 


The authors dissolved the samples in alcohol and then added silver nitrate to the 
solution. Benzyl and p-tolyl mercaptan readily reacted with silver nitrate and 
gave mercaptide. However, the corresponding mono- and disulfides did not 
react. In the case of tri- and tetrasulfides, desulfurization occurred to form 
disulfide and silver sulfide. The formation of disulfides was verified by melting 
points and elemental analyses. The benzyl series was more reactive than the 
tolyl series and the tetrasulfide was desulfurized more easily than the trisulfide. 

In the reactions of silver nitrate and the glycolic acid series, thioglycolic acid 
gave a white precipitate (found: C, 18.86%; H 1.44%). It is believed to be 
HOOCCH,SCH,COOAg (ealed.: C, 18.65%; H, 1.94%). Dithiodiglycolic 
acid gave both a white and a black precipitate. The black precipitate was 
silver sulfide, but the composition of the white was uncertain. We conclude 
that dithiodiglycolic acid was desulfurized by silver nitrate. 

Reactions with lead acetate and cupric acetate—As we have discussed in the 
previous paper’, the organic polysulfides were easily desulfurized by copper or 
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mercury’. It has been found that cupric acetate and lead acetate, by dissoci- 
ation to Cut* and Pb**, react with mercaptan and form mercaptide’. 

Benzyl and p-tolyl mercaptan reacted easily with cupric acetate and lead 
acetate, and they gave mercaptides. On the other hand, mono-, di-, tri- and 
tetrasulfides of both the benzy] and tolyl series did not react with cupric acetate 
or with lead acetate in an alcoholic solution, even on heating. Recovered 
starting materials were identified by melting points and elemental determina- 
tions. 

Thiodiglycolic acid reacted with cupric acetate to give a blue precipitate 
(found: C, 24.5%; H, 2.58%). Ash remained after ignition. This precipitate 
is believed to be 


(C, 24.4%; H, 2.54%) 


CH,COOCu00CCH; 


Dithiodiglycolic acid reacted with cupric acetate, but the product obtained 
could not be identified. 


CONCLUSIONS 


1. In mixtures of doctor solution and benzyl and p-tolyl sulfides, di-, tri- and 
tetrasulfide reacted and formed lead sulfide, but monosulfide did not react. 

2. In the case of thiodiglycolic acid and dithiodiglycolic acid, dithiodigly- 
colic acid gave lead sulfide. 

3. Sulfur gave lead sulfide by reaction with doctor solution. 

4. Mercaptide formed by the reaction between silver nitrate and mercap- 
tan. Mono- and disulfide of the benzyl and tolyl series gave no reaction. Tri- 
and tetrasulfide showed desulfurization, and gave disulfide. Dithiodiglycolic 
acid reacted with silver nitrate and gave silver sulfide. 

5. Lead acetate and cupric acetate reacted readily with mercaptan. Mono-, 
di-, tri- and tetrasulfides of the benzyl and tolyl series gave no reaction even on 
heating. 

6. Mercaptan was most reactive in the reactions with doctor solution and 
with silver nitrate. The more sulfur the organic polysulfide contained, the more 
reactive it was. The relative order of reactivity in these series were: glycolic 
acid > benzyl > tolyl. 
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ORGANIC SULFIDES AND POLYSULFIDES. V. 
REACTIONS WITH METHYL IODIDE * 


Yust 


Toxyo UNIVERSITY 


Trimethylsulfonium iodide (CH3)3SI is formed by the reaction between 
methyl] iodide and organic monosulfide' and disulfide?*. It is also formed by 
the action of methy] iodide on trithiomethylene (trimer of thioformaldehyde)*. 
However, nothing has been reported about the reaction between polysulfides 
and methyl iodide. Recently, M. L. Selker and A. R. Kemp*:® have reported 
the formation of trimethylsulfonium iodide from methyl iodide and one third 
(1/3) of the sulfur in hard rubber from natural rubber or GR-S. Also, they 
have studied the mechanism of vulcanization of rubber and the type of sulfur 
bonds formed. 

Reactions between mono-, di-, tri- and tetrasulfides and also mercaptans 
with methyl iodide will be discussed in the present paper. 

The organic sulfides and polysulfides which were studied have been de- 
scribed in a previous paper’. Methyl] iodide was used after distillation. 

Reaction of benzyl mercaptan, benzyl mono-, di-, tri- and tetrasulfides with 
methyl iodide.—Ten cc of methyl iodide was added to 1 g of each material and 
the mixture heated in a sealed tube for two hours at 100°C. Dark red products 
were obtained. Unreacted methyl iodide was removed under vacuum. The 
products Were recrystallized from alcohol. 

In the reaction between mono-, di-, tri- and tetrasulfide with methyl iodide, 
a colorless product, m.p. 203°, was obtained. This product was soluble in 
water and in alcohol, and it was identified as a halogen compound by the Beil- 
stein test. Its elemental analysis was C 17.67%, H 4.50%. Therefore, it is 
trimethylsulfonium iodide (C 17.62%, H. 4. 41%). 

In the case of the reaction of benzyl mercaptan, the same results were ob- 
tained ; the product had a melting point of 203°; it was soluble in both alcohol 
and water. However, in this case we had also another product which has a 
melting point of 71° C and was soluble in alcohol but not soluble in water. It 
was thought to be benzy! disulfide from its elemental determination and melt- 
ing point. 

C% H % 
17.37 5.11 
(6 (caled. ) 17.62 4.41 


68.21 5.54 
(caled.) 68.29 5.69 


From these results, it is evident that mono-, di-, tri- and tetrasulfide and mer- 
captan in the benzyl series gives trimethyl! sulfonium iodide on reaction with 
methyl] iodide at 100° C. 
* Translated from J. Soc. Rubber Ind. Japan 28, 1-4 (1955). 
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The reaction mechanism is set forth as follows: 


R—SH + — R—-S—H +2 + RI + HI 
CH, CH, 


RSH gives RSSR by oxidation in the presence of HI. 
I CH; 


| | 
R—~S—R + CHI — +2 RI 
H; CH; 


Monosulfides give trimethylsulfonium iodide readily at room temperature. 
CH; 
R—S—S—R +4 CHI = 2 R-$-1 +I, 
H; 
CH; CH; 
+ CH;—I = + RI 
H; H; 
Tri- and tetrasulfides are believed here to have the same reaction mecha- 


nisms as the disulfide. Since we did not observe free sulfur, the center sulfur 
atom is thought to take part in the reaction as follows: 


om » CH; 
R—S—S—S—R + 7 CHI = 2 R—S—I + cu—$-1 +21, 


H; H; 
CH; CH; 


R—S—S—S—S—R + 10 CHI = 2 +2 CH,—-$—I +31, 


CH; H; 
CH; 


produces (CH;),SI by reaction with CH,lI. 
H; 


This reaction with CH;I cannot be considered as resulting from the induc- 
tive effect of the CH; group. Therefore, the formation of (CH;3)3SI is a result 
of hyperconjugation, which gives a carbonium ion by an electrometric effect. 

Ether (R—O—R) does not react with methyl iodide. Thioether can react 
with it by reason of the greater ease of coordination of the free electrons of the 
sulfur. 

Reaction of tolyl mercaptan, tolyl mono-, di-, tri- and tetrasulfide with methyl 
iodide.—Ten cc of methyl iodide was added to 1 g of each sulfide and the mix- 
ture then heated for two hours in a sealed tube at 100°. After reaction, methyl 
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iodide was removed under vacuum. The product was crystallized from alcohol 
and analyzed. Melting points were as follows: 


M.p. Before reaction 43 57 46 76-77 75 
After reaction 43 57 46 77 75 


From these results, it is seen that no reaction occurred. Trimethylsulfonium 
iodide was not obtained. Moreover, methyl iodide and free sulfur for two hours 
at 100° C did not react. 

Polysulfides*, with sulfur adjacent to aromatic radicals, and elementary 
sulfur’, existing as eight membered rings, do not react with methyl iodide. 
On the other hand, polysulfides of aliphatic organic compound will react with 
CHsgl. 


CONCLUSIONS 


Mercaptan and polysulfides of the benzyl and p-toly] series were heated 
with methy! iodide in sealed tubes for two hours at 100° C with the results: 


1. Benzyl mercaptan and benzyl mono-, di-, tri- and tetrasulfide gave tri- 
methylsulfonium iodide. 

2. Tolyl mercaptan and tolyl mono-, di-, tri- and tetrasulfides did not react 
with methyl iodide, contrary to previous thinking for the action of mono and 
disulfides. 

3. Free sulfur did not react with methyl] iodide. 
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ORGANIC SULFIDES AND POLYSULFIDES. VI. 
REACTIONS OF METALLIC OXIDES WITH 
POLYSULFIDE RUBBERS * 


Yust Minoura 


Toxyo UNIVERSITY 


Polysulfide synthetic rubbers (thiokol Type A, Type FA, LP-2, etc.) can 
be vulcanized by metallic oxides such as zine oxide, lead oxide and magnesium 
oxide', or by diisocyanates‘ or by epoxy compounds’, and there is no necessity 
for adding the vulcanizing agents usually used in rubbers. Generally, zinc 
oxide and lead oxide are used as vulcanizing agents, but the mechanisms of 
vulcanization are still uncertain. 

In this present study polysulfide synthetic rubbers have been prepared by 
the reaction of dihalogen organic compounds with alkali polysulfides, and most 
of the end groups of the products are assumed to be mercaptan groups. When 
blended with metallic oxides and then heated, they combine to make a chain 
by the following oxidation reaction: 


+0 
HS——-X——-HS + HS——-Y——-SH ——— 


—-SH + HO... (1) 


Kirchhof' reported that the mechanisms of vulcanization were successive 
reactions of polymerization as above mentioned. Patrick?~* investigated the 
generation of water in the same reaction. Mercaptans gave rise to mercaptides 
in the reaction with metallic oxides by heating, and the latter changed to sul- 
fides in the presence of monosulfide and sulfur. 


—-SH + ZnO + HS—— ———> ——-S—Zn—S——- + H0 (2) 
———> ——_S——- + ZnS (3) 


+8 
———» ——98-—- + (4) 


Recently Fettes, Panek and Jorezak*® have concluded that polysulfide 
rubbers such as Thiokol FA having hydroxy groups at the chain ends, are vul- 
canized by diisocyanates instead of by metallic oxides, and that vulcanization 
here too consists of chain extension. Some workers, however, have considered 
that the mechanism of vulcanization consists of the formation of a molecular 
network. 

Stocklin® has agreed with Patrick who explained that rubbers are changed 
to an elastic state from a plastic state, but, considering the change in solubilities, 
he also supposed a network of molecules of polysulfide rubbers to be formed. 


* Translated from J. Soc. Rubber Ind. Japan 28, 399-407 (1955). 
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From an investigation of swelling, Spielberger’ said that networks are formed in 
vulcanization as follows: 


—R-S-S-R—- ——R-S=S—-R—. 
+ ——R-S=S-R— 66) 
| 


As the author*-” has reported, the sulfur in organic polysulfide compoundstis 
bonded in chain structures. Therefore, even if a network formation takes 
place, it may be supposed that the reaction will be as follows: 


7 
VA 


This mechanism of reaction, however, is only provisional and not confirmed. 
The author has studied and here reports on organic sulfides of low molecular 
weight in contact with metallic oxides (zinc oxide, lead oxide) at 135° C, and 
has thus studied the vulcanization mechanism of polysulfide rubbers. From 
the reaction between benzy] or tolyl sulfides and zinc oxide or lead oxide, many 
products were isolated but any reaction such as (5), (6), or (7) could not be 
found. In the polymerization of polysulfide synthetic rubbers, the author has 
found that the higher the molar ratio of alkali polysulfide to dihalogen com- 
pound the lower the amount of halogen as the end group of the high polymer, 
and the larger the amount of mercaptan end group. That is, most of the end 
groups of polysulfide synthetic rubber prepared by using a large quantity of 
alkali sulfide consists of —SH groups. Moreover, the formation of mercaptide, 
monosulfide or disulfide was established by the reaction of metallic oxides with 
benzyl or tolyl mercaptans. From these results it was confirmed that reactions 
occur in accordance with Equations (1) to (4), and that vulcanization is not the 
result of network formation by a condensation reaction between molecules. 

Sulfides and reagents.—The low molecular weight organic sulfides were pre- 
pared as described in a previous report. The reagents, zinc oxide and lead 
oxide, were commercial chemicals. 


pt 
2 
4 


RUBBER CHEMISTRY AND TECHNOLOGY 


REACTIONS OF ZINC OXIDE AND ORGANIC SULFIDE 


About 1 g of each material was mixed with 2-3 g of zine oxide and heated 
at 135° C in a sealed tube for 6 hours. Each product was extracted with ether. 

Reaction of benzyl monosulfide and zinc oxide—During the heating of 
benzyl monosulfide and zine oxide there was no change in appearance. Extrac- 
tion with ether gave a crystalline solid, m.p. 48.5-49° C, which proved to be 
benzyl monosulfide by elemental analysis; observed: C, 78.41%, H, 6.32%; 
calculated: C, 78.5%, H. 6.54%. No other organic compound was pro- 
duced. The residue after extraction was added to a solution of sodium 
arsenite and made acidic by adding of hydrochloric acid. If zine sulfide had 
been produced hydrogen sulfide would evolve, and then precipitation of arsenic 
sulfide would result by reaction with arsenic ion (As***). The precipitate is 
yellow and is determined easily. 

In the case of the reaction of benzyl monosulfide, therefore, zinc sulfide was 
shown not be have been formed. No arsenic sulfide was formed from the benzyl 
monosulfide. 

Reaction of benzyl disulfide and zinc oxide——There was no change in appear- 
ance during the heating. From the extracted solution, a crystalline product 
was obtained, m.p. 71°C. Elemental analysis, C, 68.15%, H, 5.52%. These 
observed values are those of benzyl disulfide. No other product was found. 
No zinc sulfide was formed. From these results, therefore, benzy! disulfide did 
not react with zine oxide. 

Reaction of benzyl trisulfide and zinc oxide.—While heating, the product be- 
came somewhat orange and had a smell of hydrogen sulfide. After extraction 
with ether and evaporation, an oily material was obtained, in which a white 
crystalline solid was formed on standing. Recrystallization of this crystalline 
material in ether gave a crystalline solid, m.p. 124°C; C, 91.85%, H, 7.1%. 
This crystalline product proved to be stilbene (caled. C, 92.3%, H, 7.7%) from 
the fact of no decrease of melting point by admixing with stilbene. The 
oily material had an odor of benzaldehyde, and gave rise to benzaldehyde 2,4- 
dinitrophenyl hydrazone on treatment with 2,4-dinitrophenylhydrazine. The 
hydrazone obtained was crystalline of m.p. 237° C, N content = 19.7% (cal- 
culated, 19.5%). A yellow precipitate of arsenic sulfide by reaction of the 
residue with sodium arsenite and hydrochloric acid showed the presence of zine 
sulfide. Hydrogen sulfide, stilbene, benzaldehyde and zinc sulfide therefore 
are formed from the reaction of zinc oxide and benzyl trisulfide. Benzyl 
trisulfide gave zinc sulfide by reaction of the sulfur with zinc oxide, and partly 
gave stilbene. In this reaction we could not find the sulfide compounds, which 
are shown in Equations (5) and (7). 

Reaction of benzyl tetrasulfide and zine oxide.—As in the case of trisulfide, 
from the reaction of benzyl tetrasulfide and zinc oxide, an orange product was 
obtained. The oily material, obtained by extraction, formed a white as well as 
a yellow crystalline solid after a long standing. These crystalline products were 
recrystallized from alcohol. The yellow solid, m.p. 119° C, was found to be 
sulfur, by mixed melting point, and when it was burned it formed sulfur di- 
oxide. The white solid, m.p. 124° C, proved to be stilbene (C 92.1%, H7.5%). 
In this case also, the oil material had an odor of benzaldehyde. The hydra- 
zone, which was prepared from 2,4-dinitrophenylhydrazine, was identified by 
elemental analysis. In the analysis of the residue of zinc sulfide, a large quant- 
ity of arsenic sulfide was precipitated. Free sulfur, hydrogen sulfide, stilbene, 
benzaldehyde and zinc sulfide thus were formed in the reaction between zine 
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oxide and benzyl! tetrasulfide. Neither a dimer nor a trimer which might be 
supposed to be held together through sulfur as in a tetrasulfide was found. 

Reactions of p-tolyl sulfides and zinc oxide.—p,p’-Tolyl mono-, di-, tri- and 
tetrasulfide were heated at 135° C in sealed tubes. The formation of zinc 
sulfide was not found in any such treatment. Unreacted sulfides crystallized 
out. Recrystallizations gave mono-, di-, tri- and tetrasulfide, which were identi- 
fied by elemental analysis. In the case of reaction of tri- and tetrasulfide, a 
small quantity of sulfur was isolated. Though a small quantity of disulfide was 
probably formed, we could not get a crystalline product. 

Toly! sulfides are more stable than the benzyl sulfides. They do not react 
with zine oxide. 


REACTIONS OF LEAD OXIDE AND ORGANIC SULFIDE 


As in the experiments with zinc oxide, 1 g of organic sulfide was mixed with 
about 3 g of lead oxide, and then heated at 135° for six hours in a sealed tube. 
Each product obtained was extracted and then identified. 

Benzyl sulfides and lead oxide—When benzyl mono-, di-, tri- and tetra- 
sulfide were heated with lead oxide, the monosulfide gave a gray product and 
the other sulfides gave black products. Identification of metallic sulfide was 
carried out by adding hydrochloric acid and a solution of sodium arsenite to the 
residue after extraction. In the reaction of monosulfide a small amount of lead 
sulfide was formed, but in the case of di-, tri-, and tetrasulfide, much lead 
sulfide formed. The formation of lead sulfide from disulfide was in less quant- 
ity than from tri- or tetrasulfide. 

By extraction with ether, white crystals were obtained. The results of 
melting points and elemental analysis, after recrystallization from alcohol, were 
as follows: 


MELTING PoINTs AND ANALyYsIS OF PropucTs 


Benzy] sulfide used M.p. 
49 


71 
70.5-71 
71 


These results show that the products obtained from mono- or disulfide were 
unchanged starting material. Since lead sulfide, however, was found in the 
residue in the case of disulfide, it seemed to have reacted but we could not 
determine the products. The crystalline product obtained from tri- or tetra- 
sulfide was benzyl! disulfide, identified by mixed melting point. It was found 
that tri- and tetrasulfides are easily desulfurized by lead oxide. 

Lead oxide is more reactive than zine oxide. Tri- and tetrasulfides gave 
disulfide by desulfurization. We believe that the reactions (5), (6) and (7) do 
not occur with lead oxide and benzyl] polysulfide. 

p-Tolyl sulfides and lead oxide.—As in the case of the benzyl series, p-tolyl 
sulfides were treated with lead oxide under the same conditions. Lead sulfide 
was determined and the products from extraction were examined. In the case 
of mono- and disulfide, orange products were observed. Tri- and tetrasulfide 
gave black products containing large quantities of lead sulfide. After extrac- 
tion by ether, white crystals were obtained. The results of melting points and 
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78.51 6.03 

Di 68.41 5.58 

Tri 68.33 5.51 

Tetra 68.39 5.47 
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elemental analysis, after recrystallization from alcohol, were as follows: 


MELTING PoINTs AND ELEMENTAL ANALYSIS OF PropucTs 


p-Toly! sulfide used M.p. C, % H, % 
Mono 57 78.36 6.59 
Di 46 68.34 5.74 
Tri 46 68.37 5.70 
Tetra 46 68.41 5.78 


From these results, it was found that mono- and disulfide do not react with lead 
oxide. The crystals obtained from the tri- and tetrasulfides proved to be 
p-tolyl disulfide. The tri- and tetrasulfides thus were desulfurized by reaction 
with lead oxide though they were not by zine oxide. As the products, however, 
which are shown in Reactions (5), (6) and (7) were not isolated, we suppose 
these reactions do not occur. In the desulfurization by lead oxide, it was found 
that the tri- and tetrasulfide in the benzyl series are more reactive than those 
in the tolyl series. 


REACTION OF MERCAPTANS WITH ZINC 
OXIDE OR LEAD OXIDE 


As for benzyl and p-tolyl sulfides, benzyl mercaptan and p-tolyl mercaptan 
were treated with metallic oxide (lead oxide, zine oxide) at 135° for 6 hours in 
sealed tubes. 

Reaction of benzyl mercaptan with zinc oxide or lead oxide.—Zinc oxide or lead 
oxide (2-3 g) were put in a glass tube and then benzyl mercaptan (about 1 g) 
was added. The mercaptan reacted with lead oxide immediately and gave a 
greenish brown mercaptide. After further reaction by heating, the products 
were extracted by ether and divided into two parts—the soluble fraction and 
the residue. Unreacted metallic oxide and its mercaptide were present in the 
residue. Solutions of sodium arsenite and hydrochloric acid were added to the 
residue. In the case of both zinc oxide and lead oxide, no precipitate was 
found showing no formation of metallic sulfides. The presence, however, of 
arsenic mercaptide and benzyl mercaptan were noted from the turbidity of the 
solution. These were determined by the characteristic odor of mercaptan and 
by the formation of benzyl mercaptan on adding lead acetate. 

Recrystallization from alcohol of the solid obtained from the ether extract, 
after removing a small quantity of arsenic mercaptide, gave a white crystalline 
solid, m.p. 70° C. This solid proved to be identical with benzyl disulfide by 
elemental analysis as follows 


M.p. C, % H, % 

In the case of: 
Zinc oxide 70 68.42 5.75 
Lead oxide 70 68.33 5.71 


The disulfides were formed by air oxidation during the reaction. Under these 
conditions, benzyl mercaptan gave mercaptide by reaction with metallic oxide 
and disulfide by the oxidation with air. From the results neither metallic 
sulfide nor monosulfide was formed so Reactions (3) and (4) did not occur. 
Reaction of p-tolyl mercaptan with zinc oxide or lead oxide.—As in the case of 
benzyl mercaptan, p-tolyl mercaptan was treated with zinc oxide and with lead 
oxide. Lead oxide did not produce as exothermic a reaction as it did in the 
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case of benzyl mercaptan. Mercaptide, however, was produced easily. Re- 
action with zinc oxide gave a white product, and lead oxide gave a yellow one. 
The products were extracted with ether and analyzed. 

The residues after extraction were treated with hydrochloric acid and 
sodium arsenite, but gave no precipitate of arsenic sulfide. Therefore no 
metallic sulfide was produced. The turbidity of solution, however, showed 
the presence of arsenic mercaptide and tolyl mercaptan. 

The ether solution gave crystalline product. Recrystallization from alco- 
hol, in both cases, gave p-tolyl disulfide, m.p. 46° C. The results were: 


M.p. C,% H, % 
In the case of: 


Zine oxide 46 68.31 5.67 
Lead oxide 46 68.35 5.71 


The disulfides were formed by air oxidation. 
from the ether solution in these cases. 
From these results, it is seen that p-tolyl mercaptan reacts with metallic 
oxide, to give mercaptide easily, and is readily oxidized to disulfide. 
The reactions with sulfides and with mercaptans lead to the following con- 
clusions: 


Mercaptides were not removed 


Mercaptans react with metallic oxides easily. Sulfides are desulfurized by 
metallic oxides without establishment of sulfur crosslinks. Qualitatively the 
benzyl series is more reactive than the tolyl series, and lead oxide more reactive 
than zine oxide. Therefore, vulcanization of polysulfide rubber is believed to 
be a chain growth of molecules. 

These conclusions support the fact that the polysulfide synthetic rubbers, 
which have —SH groups at the ends of molecules, are vulcanized by metallic 
oxides, diisocyanates or epoxy compounds, and will be vulcanized by com- 
pounds having two or more functional groups which react with —SH such as 
organic peroxides. 


Tasie I 
Reaction Propucts or SuLFipE Zinc or LEAD OxIDE 


Reagent ZnO PbO 
Sulfide 
Benzyl] mercaptan Mercaptide (white) Mercaptide (greenish brown) 
Benzy! disulfide Benzy! disulfide 
Benzyl monosulfide No reaction No reaction 
Benzy] disulfide No reaction No reaction 
Benzy] trisulfide Zine sulfide Lead sulfide 
Hydrogen sulfide Benzy] disulfide 
Stilbene 
Benzaldehyde 
Benzy] tetrasulfide Zine sulfide Lead sulfide 
Hydrogen sulfide Benzyl disulfide 
Stilbene 
Benzaldehyde 
Sulfur 
p-Toly] mercaptan Mercaptide (white) | Mercaptide (greenish brown) 
Toly] disulfide Toly] disulfide 
p-Tolyl monosulfide Ko reaction Yo reaction 
p’-Tolyl disulfide No reaction No reaction 
p’-Toly! trisulfide No reaction Lead sulfide 
’-Tolyl disulfide 
p’-Tolyl tetrasulfide No reaction d sulfide 


p’-Toly] disulfide 
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SUMMARY 


1. Both mercaptides and disulfides were obtained by the reactions between 
benzyl mercaptan or tolyl mercaptan with zine oxide or lead oxide. Qualita- 
tively, mercaptides were formed from benzyl mercaptan easier than from tolyl 
mercaptan, and lead oxide reacted with mercaptan easier than zine oxide with 
mercaptan. From the fact that no metallic sulfide was present, disulfides 
were likely formed from the oxidation of mercaptans by air. 

2. The mono- or disulfides of the benzyl and tolyl series did not react with 
zine oxide or lead oxide. 

3. Neither tolyl tri- nor tetrasulfide reacted with zine oxide, but benzyl 
tri- and tetrasulfide reacted with zinc oxide to give zine sulfide. In the case of 
benzy! trisulfide, hydrogen sulfide, stilbene and benzaldehyde were formed, and 
in the case of tetrasulfide, we found the formation of hydrogen sulfide, stilbene, 
benzaldehyde and sulfur. 

4. The tri- and tetrasulfide of both the benzyl and tolyl series reacted with 
lead oxide and they gave lead sulfide and organic disulfide. That is, they were 
desulfurized by lead oxide. In these reactions the benzyl series was more 
reactive than the tolyl series and the tetrasulfide was more reactive than tri- 
sulfide in the same series. 

5. Lead oxide reacted with polysulfide easier than zine oxide. 

6. From the results of reactions between metallic oxide with mercaptan or 
other sulfide, it was concluded that the vulcanization mechanism of polysulfide 
rubber by metallic oxide is the reaction represented by Equations (1) to (4), 
the products being converted to high polymer without formation of a network 
of polysulfides. 
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CHANGES IN THE ELECTRICAL PROPERTIES OF 
NATURAL RUBBER/CARBON BLACK 
COMPOUNDS DURING VULCANIZATION * 


H. Desanaes, R. Cuasset, AND P. THrRIon 


Frencu Russer Instirute, Paris, France 


FOREWORD 


The study of the electrical properties of rubber compounds containing 
carbon black has various applications. Alternating current properties are 
important in connection with the quality of wire and cable insulation and the 
practical development of radio-vulcanization. Direct current properties are 
essential for designing conductive or antistatic compounds. Moreover, both 
methods can provide useful data on the distribution of carbon black particles 
in the compounds, without any risk of disturbing the colloidal structure. 

However, direct current conductivity depends upon the fraction of the 
black in nearly continuous chains of particles, which can conduct the current 
from one electrode to the other when a sufficient black loading is reached!'. 
The remaining black is either isolated particles or agglomerates distributed at 
random through the rubber; it seems that this second fraction rather influences 
the AC properties, as shown already by Kickstein? and by two of the authors’. 

We have studied again the factors which affect the electrical properties of 
black compounds, by operating inside the mold in which the rubber is vulcan- 
ized. So may be avoided the heat conditioning required when electrical meas- 
urements are made by the conventional method, i.e., with samples tested after 
removal from the mold. Moreover, it is possible to measure the electrical 
properties at all stages of vulcanization, especially at the beginning, when the 
compound is not yet set up. 

In the scope of this work, we could investigate only high frequencies and 
we had to limit our tests to one carbon black type, i.e., Witco MPC Black, 
modified or not by heat treatment. 

Finally, the alternating current properties of compounds have been much 
more intensively studied than direct current resistivity, the latter being never- 
theless necessary to calculate the corrections needed for an accurate evaluation 
of dielectric properties. 


DESCRIPTION OF THE CONDENSER-MOLD 


The vulcanization mold which serves also as test condenser is shown in 
Figure 1. It includes two steel blocks with sufficient heat capacity to make 
heat insulation unnecessary. However, the mold can be brought up to a tem- 
perature of 100—150° C in a shorter time than required by the compound to 
reach a uniformly stabilized temperature, i.e., about 3 minutes. 

Two cylindrical chambers are bored in the mold, each measuring 25.8 mm 
diameter by 90 mm long, the axes of which are in the same plan as the joint of 


* Reprinted from the Revue Générale du Caoutchouc, Vol. 34, No. 12, pages 1260-1267, December 1957. 
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the mold. A cylindrical steel core, forming a coaxial electrode, 95 mm long, 
with a variable diameter, is inserted in each chamber. These cores are insul- 
ated at both ends by Teflon bearings, while the rest of the mold is grounded. 
Teflon was chosen as insulator because of its low dielectric constant and good 
mechanical properties at vulcanization temperatures; moreover, it may be 
easily machined, so that the cores can be accurately centered. 

The rubber testpieces which form the dielectric of the test condenser are 
consequently hollow cylinders, 70 mm long by 25.8 mm external diameter. 
This elongated shape helps to minimize disturbances in the electric field close 
to the ends. The shape of the insulators and the diameter of the cores were 
also chosen so that the parallel capacity resulting from the insulator—6.2 
picofarads or yuf was small as compared with the capacity of the condenser 
proper, filled with compound. 


Fie. 1.—Condenser-mold for measuring electrical properties during vulcanization. 1. External electrode. 
¥ ial internal electrode. 3. Rubber sample covering the internal le. 


The empty capacity of the capacitor is 15.4 pf with the 20 mm diameter core 
generally used for these tests. Finally, a small press, with two electrically 
heated platens, is used to vulcanize the compounds in the condenser at the 
desired temperature. 


ELECTRICAL MEASUREMENTS 


Resistivity.—The resistivity of the testpieces is measured by applying a con- 
stant voltage of about 150 v between the inner cylindrical electrode and the 
mold. The equipment includes an electronic voltmeter and a sensitive galva- 
nometer allowing the determination of resistivities from 10° to 10% ohm-cm. 
The contact resistance between the compound and the wall of the mold is found 
negligible and is not taken into account. 

Dielectric properties.—The dielectric constant and alternating current losses 
are measured with a General Radio Schering Bridge between 100 cps and 100 
kceps. The voltage at the terminals of the condenser-mold is about 12 volts. 
The characteristics of the condenser-mold are determined by a substitution 


a 
Be 


ELECTRICAL PROPERTIES OF BLACK STOCKS 633 


method. As for resistivity, it is verified that the wall contact impedance is 
negligible. 

On the other hand, the indications of the bridge should be corrected by 
taking into account the stray capacity in the region of the Teflon insulators. 
The direct current conductivity is also in parallel with the testpiece. Experi- 
ments have shown that this conductivity correction is small for frequencies 
above 1 keps, as long as the carbon black loading is lower than 20% by volume. 

The corrected experimental data give the dielectric constant e’ and the loss 
factor tg6 of the compound. The latter may consequently be considered as an 
imperfect dielectric, characterized by a complex dielectric constant: 


e = — te” 
the loss being related to the real and imaginary components by: 
tg5 = 


COMPOUNDING INGREDIENTS AND PROCESSING CONDITIONS 


The base compound (Table I) consistently adopted for the majority of these 
tests has optimum mechanical properties after about 15 minutes of vulcaniza- 
tion at 135° C. 

Carbon black is added at 4, 8, 10, 12, 15, 20 and 30 volume per cent of rub- 
ber, assuming that the density of the black in the compounds is equal to 1.8 


Taste I 
Base CoMPOUND FOR VULCANIZATION EXPERIMENTS 


Crepe 100 
Stearic acid 1 
Zinc oxide 

Tetramethylthiuram disulfide (TMTD) 3 
Sulfur 5 


Pheny]-2-napthylamine 
MPC carbon black 


g/cm®. All the compounds are prepared from the same homogenized crepe 
batch. It is necessary to determine the mixing conditions very accurately, 
since they strongly affect the electrical properties of the compounds. The 
following operating method was chosen somewhat arbitrarily: 

400 g crepe is masticated for 3 minutes in an internal Werner laboratory 
mixer heated at 90° C; the black is then introduced and mixed for 3 minutes; 
in order to introduce the ingredients, the resulting masterbath is treated on an 
open mill (3 mm between rolls, friction 4/3), then passed between the tight rolls 
and calendered. The whole mixing process takes about 8 minutes. 


REPRODUCIBILITY OF ELECTRICAL PROPERTIES 


The main cause of erratic variations in the electrical properties of the com- 
pounds is linked to the configuration of the black particle agglomerates. Such 
agglomerates are, in particular, oriented by the shearing effects of mixing and 
molding. Such ‘structural’ effects, however, are noticeable above a certain 
level only, i.e., when the black loading exceeds some 8% by volume. To control 
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these effects, the mixing schedule must be followed accurately, and care should 
be taken: 


(a) to calender to about the thickness of the molded testpiece. 

(6) to always cut the blank along the same direction of calendering, and at 
a constant volume not much larger than the testpiece volume. 

(c) to always apply about the same pressure on the mold when closing the 
press. 


Despite better reproducibility realized by this procedure, the scattering of 
the results is still much higher than the errors of the measurements and increases 
with the black loading (Table II). 


TaBLe II 


VARIATIONS Ae AND Afgé OF THE DigELECTRIC CONSTANT AND Loss 
Factor oF COMPOUNDS IN THE CONDENSER-MoLpD 


Samples from Samples from 
same mix different mixes 
Black loading, A. A —, 
vol. % Ae:% Atg 6 % Ae:% Atg 6 % 
8 +1 +2 +2 +4 
20 +4 +5 +6 +8 


ORIENTATION EFFECTS OF MIXES IN THE MOLD 


Up to an MPC black loading of 10% by volume, the dielectric properties of 
the mixes are not altered when the 20 mm diameter core is used instead of the 
15.8 mm diameter core. Conversely, when this loading is exceeded, ¢’ and 
tg 6 are increased when the dielectric is thinner, and the more so when the load- 
ing is higher (Table III). 

This peculiarity may be tentatively interpreted in three ways, i.e., by the 
contact impedance between the compound surface and the mold wall, by vari- 
ation of the electric field applied to the testpiece, or by an eventual variation 
in the dielectric properties of the compound. 

With the first assumption, volume and surface impedances may be calcu- 
lated on the basis of the surface-volume ratio of the testpiece, and consequently 
of its thickness. By using the above-mentioned experimental data in the the- 
oretical relations obtained in this way, we get negative values for contact re- 
sistances and capacities. Since this is clearly an absurd conclusion, the thick- 
ness effect cannot be explained by the contact impedance. 

In the same way, variations of the electric field cannot be the cause, since 
the dielectric properties of the compounds do not change when the voltage on 
the condenser varies from 1 to 12 volts for the same core. 

The last and most probable assumption was that the nature of the material 
varies with the size of the core and the degree of orientation inside the mold. 
In order to check the influence of this last factor directly, we duplicated the 
method used by Scott* to change in a large way the orientation of whiting or 
zinc oxide compounds. It consists in preparing blanks shaped nearly as the 
molded testpiece, and other blanks with very different shapes. In this way, 
the compound suffers a minimum or maximum deformation—and orientation— 
when the mold is closed. During vulcanization in the condenser-mold, differ- 
ences of dielectric properties were found in the same direction and of the same 
order as when changing the core diameter. It seems, therefore, that the deter- 
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mining factor is the ‘oriented structure’ in both cases, so that one may foresee 
a noticeable dielectric anisotropy of the compounds with sufficient black con- 
tent. 

For the following tests, it was arbitrarily decided to use only the 20 mm 
diameter core, and consequently a 2.9 mm molding thickness, so as to keep 
constant the degree of orientation at equal black loadings in the compounds. 
Strictly speaking, the dielectric properties of the compounds containing more 
than 10% by volume of MPC black would only be well defined values if this 
degree of orientation could be specified. Actually, it is difficult to pin down 
this important factor, except grossly by the thickness of the molded compound. 


PROCESSES RELATED TO DIELECTRIC PROPERTIES OF 
COMPOUNDS IN THE MOLD 


A systematic study of the different factors which influence the dielectric 
properties of the compounds in the mold—field frequency, mold temperature, 
compounding, black loading—leads, as we shall see to a set of apparently com- 
plex data. This is why it is difficult to describe as clearly as desirable the effect 
of each factor, considered individually. Anticipating slightly the conclusions 
of this study, we shall rather try to show how each such factor is promoting— 
in varying degrees—one of the processes upon which the dielectric properties 
of the compounds depend in last analysis, at least in the relevant ranges of 
frequency and temperature. 


TaBLe IV 
SpeciaL CoMPOUNDS FOR THE PRELIMINARY EXPERIMENT 


Compounds 


B 
Crepe 100 
Stearic acid 1 
Zine oxide 5 
TMTD 0. 
Sulfur 2. 
MPC black 


3 
5 2.5 
18 


According to recent literature, such processes may originate either from 
chemical vulcanization reactions, or from change of colloidal structure, in par- 
ticular of the oriented state of agglomerates of black particles. 

The following preliminary experiment was designed to bring out the re- 
spective influence of each of these processes on the evolution of dielectric proper- 
ties. The four compounds indicated in Table IV, were prepared with the help 
of the forementioned technique, to ensure the reproducibility of the tests. 

Compounds A and B are vuleanizable, but only compound A is filled, B 
being of the gum type. Both C and D compounds are filled but not vulcaniz- 
able, although C contains some sulfur. 

The dielectric properties were measured in the mold at 135° C and 1 keps 
frequency, i.e., the conditions which allow a better differentiation between 
‘structure’ and vulcanization effects respectively. The evolution of properties 
with heating time is shown in Figures 2 and 3, where it can be noted that: 

(1) The dielectric properties of compounds C and D remain identical 
throughout the experiment, which proves that the presence of sulfur has no 
influence when vulcanization does not occur. 
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35 1 % 2 30 45 60 yf 
TIME IN MINUTES 


Fie, 2.—Evolution of dielectric constant ¢’ during heating at 135° C of 
compounds A, B, C, D at a frequency of 1 keps. 


(2) The dielectric constant of the vuleanizable compounds A and B in- 
creases more sharply during the first 20 minutes of heating than the dielectric 
constant of the nonvulcanizable compounds C and D, and is thereafter fairly 
constant in all cases (Figure 2). 
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Fie, 3.—Evolution of dielectric absorption e” during heating at 135° C of 
compounds A, B, C, D at a frequency of 1 keps. 
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(3) The dielectric absorption of the nonvulcanizable compounds C and D 
is slightly increased during the first 5 to 10 minutes, and levels off thereafter to 
a constant value which is markedly higher than the values of vulcanizable 
compounds A and B at the end of the test (Figure 3). 

(4) The dielectric absorption of the vulcanizable compounds A and B goes 
through a maximum, some 8 minutes after the mold is closed, and levels off 
later towards a lower value, much more rapidly and steeply with the gum 
compound B than with the filled compound C. 


According to these results, the evolution of dielectric properties is obviously 
influenced—under the above experimental conditions—by both vulcanization 
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Fie. 4.—Influence of black loading on dielectric constant «’ during 
vulcanization at 135° C, frequency 1 keps. 


and ‘structure’. But how does each of these processes react upon the di- 
electric properties at the various stages of the experiment, and how do they 
interfere with one another? 

The ‘structure’ effect appears, of course, in its simplest form when the com- 
pounds are not vulcanizable, and is then characterized, as a rule, by constant 
dielectric properties, except during the first minutes of heating. 

On the other hand, the vulcanization effect varies considerably during the 
test, especially the dielectric absorption of the gum compound B. A rapid drop 
in absorption occurs then between 10 and 20 minutes of curing, approximately 
the time required by the material to reach its optimum mechanical properties, 
at the end of the chemical reactions of vulcanization. 
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Except at the beginning of heating, it appears that the contribution of 
‘structure’, for a compound with 10 volumes of MPC black, is already much 
larger than the effect of vulcanization. 

This ‘vulcanization-structure’ interference does not influence the dielectric 
constant much. For this property, it seems that the respective effects of vul- 


15 20 45 
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Fie. 5.—Influence of black loading on dielectric absorption ¢’ during 
vulcanization, temperature 135° C frequency hope, 


canization and structure are simply added, since the dielectric constant of the 
filled and vulcanizable compound A is higher than the dielectric constant of the 
filled but nonvuleanizable compound C (Figure 2). Conversely, the absorp- 
tion of compound A, which has about the same value as for compound C at the 
beginning of vulcanization, falls thereafter to a markedly lower level, without 
reaching, however, the level of the gum compound B (Figure 3). 
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In this way, the general contribution of vulcanization to the dielectric ab- 
sorption of the filled compound A is rather negative, while its contribution to 
the dielectric constant is constantly positive. But these conclusions should 
not be endowed with too general value and should be considered rather as tend- 
encies either amplified or reduced by any modifications of frequency, tempera- 
ture, or MPC black loading. We shall now study these three factors individu- 
ally, on the basis of the results given by the base vulcanizable compounds of 
Table I. 
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BLACK PROPORTION IN VOLUMES 


Fre. 6.—Influence of black loading on dielectric constant e’ after 
vulcanizing one hour at 135° C. 


RELATIONS BETWEEN THE ‘STRUCTURE’ OF CARBON 
BLACK AND THE ELECTRICAL PROPERTIES 


At a frequency of 1 keps, the effect of ‘structure’ is mainly revealed by a 
general uplifting of the curves of dielectric properties against heating time, when 
the MPC black loading in the compounds is increased (Figures 4 and 5). 

This uplift is not proportional to the black loading. It remains relatively 
low up to about 10% by volume. Afterwards, the properties increase much 
more rapidly as indicated by Figures 6 and 7, which give the values found after 
vulcanizing for one hour at 135° C and various frequencies. 
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In this respect, it is clear that a certain parallelism exists between the di- 
electric losses at low frequency and the direct current conductivity of rubber- 
MPC black compounds, since the conductivity is also rising rapidly with the 
black loading above 15% by volume (Figure 8). 

However, ‘structure’ depends not only on the ratio of black, but on mixing 
and vulcanizing conditions, as well as on the nature of the black. It is not 
surprising, therefore, that the agglomeration of particles—and thus the electrical 
properties of rubber-black compounds—should be a function of a variety of 
factors, such as size and crystal structure of particles, or specific surface and 
volatile content of powders. We have limited ourselves to examining what 
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Fia. 7.—-Influence of black ing on dielectric absorption ¢” after vulcanizing 
one hour at 135° C. 


effect a heat treament of MPC black has on compounds containing 10% by 
volume of filler and vulcanized at 135° C in the condenser mold. Samples of 
this black were placed in a closed porcelain crucible and submitted for two 
hours to temperatures of 500° C and 1,000° C in an electric oven. According 
to previous work®:®, such treatments do not change the size of particles, but 
reduce the volatile content considerably and graphitize the black. 

Variations in the dielectric properties of compounds with heating time do 
not differ strikingly from what happens with untreated blacks under the same 
conditions. However, significant differences appear between the levels of such 
properties as noted in Table V, which gives the values after 60 minutes of vul- 
canization with untreated and treated black, respectively. 
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Fie. 8.—Influence of black loading on direct current conductivity 
during vulcanization at 135° C. 


Direct current conductivity is increased when the black has been treated at 
high temperatures. This had already been established*:*, but here we note, 
moreover, that the dielectric constant is also markedly increased by the treat- 
ment, while losses are modified in both directions: absorption is stronger with 
treated black at 120 cps and lewer at 30 keps. 


RELATIONS BETWEEN ‘VULCANIZATION’ AND 
ELECTRICAL PROPERTIES 


The influence of the rate of vulcanization reactions appears in Figures 9 and 
10, which show the effect of mold temperature on the dielectric properties, at 1 
keps, of a compound with 10% by volume of MPC black. For both absorption 
and dielectric constant, a temperature rise from 125° C to 150° C reduces the 
heating time required to reach the maximum values of these properties during 
the initial period of curing. The same holds for 120 cps and 30 keps frequen- 
cies, as shown in Figures 11, 12, 13 and 14. 
If we study now the further evolution of the properties, we find: 


(a) the dielectric constant bends asymptotically to a limit (Figures 9, 11, 
13). 
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Fic. 9.—Influence of vulcanization temperature on dielectric constant ¢’, 
at 1 keps frequency, of a 10% by volume black compound. 
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Fie. 11.—Influence of vulcanization temperature on dielectric constant e’ at 120 cps 
frequency of a 10% by volume black compound. 
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Fie. 12.—Infl of v mperature on dielectric at 120 cps 
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Fig, 13.—Influence of vulcanization temperature on dielectric constant «’ at 30 keps 
frequency of a 10% by volume black compound. 
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Fie, 14.—Infl of vulcanization temperature on dielectric absorption «’’ at 30 keps 
frequency of a 10% by volume black compound. 
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Fie, 15.—Influence of frequency on dielectric constant ¢’ of a 10% by volume black 
compound during vulcanization at 135° C. 
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Fie. 16.—Influence of frequency on dielectric adsorption ¢” of a 10% by volume black 
during vulcanization at 135° C. 
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(b) the dielectric absorption is decreasing towards the end of the vulcaniza- 
tion, the surmise being that the vulcanization-structure interaction is still 
acting under such conditions (Figures 10, 12, 14). 


At the lowest frequency, however, the phenomena are even more complex, 
since we note that absorption climbs up slightly at 135° C, and considerably at 
150° C (Figure 12). 

Figures 15 and 16 give more explicitly the influence of frequency on both the 
absorption and dielectric constant at 135° C. During vulcanization, absorp- 
tion is decreased only at the two lowest frequencies. The evolution of the di- 
electric constant is not affected by the frequency, and we simply note that this 
constant grows smaller with the frequency, contrary to the absorption. 


DISCUSSION 


We have been interpreting in terms of ‘vulcanization’ and ‘structure’ the 
evolution of dielectric properties during the heating of rubber black compounds. 
Each one covers a set of molecular or colloidal processes, some aspects of which 
are not quite clear as yet. 

Nevertheless, we may wonder about the degree of agreement existing be- 
tween the results from this study and the theories explaining the dielectric prop- 
erties of the vulcanizates. Another question in this respect is what contribu- 
tion may be brought by the condenser-mold technique to the knowledge of such 
phenomena. 

The behavior of gum vulcanizates in an alternating current field is similar 
to the behavior of viscous polar liquids and arises from three polarization phe- 
nomena of different origins, i.e., electronic, molecular and ionic polarization. 

Electronic polarization results from the orbital deviations of the electrons, 
by the electrical field. It should not be taken into account here, since it causes 
no absorption and its contribution to the dielectric constant, equal to the square 
of the optical refraction index, is therefore constant for a given elastomer. 

Molecular polarization occurs only if the examined material includes elec- 
tric dipoles with permanent moment, i.e., molecules or parts of molecules in 
which the gravity centers of positive and negative charges do not coincide. 
Such molecules tend to rotate so as to orient themselves along the field, while 
thermal energy acts in the opposite way by stirring the molecules at random. 
In the case of natural rubber vulcanizates the dipoles are formed during cure 
at the points of the macromolecular chains where sulfur atoms are chemically 
fixed. The remainder of the chains is not polarized. Contrary to electronic 
polarization, molecular polarization is sensitive to changes of frequency and 
temperature in the absorption and dispersion range, according to Debye’s 
theory. However, for tests at low frequency in the range of vulcanization 
temperatures, it should normally cause but a negligible absorption. Its con- 
tribution to the dielectric constant is directly a function of the combined sulfur 
content and, consequently, augments, from the beginning of vulcanization, 
until a higher limit is reached at the end of the reaction’. 

For the two previous types of polarization, the displacement of charges 
occurs on the scale of the atom in the first case, of the molecules or polar group 
of a macromolecule in the second. Electric charges undergo much larger dis- 
placements when the dielectrics contain electrolytic ions, resulting for instance 
from the dissociation of impurities. Sometimes such ions may cross from one 
electrode to the other through the dielectric and carry a continuous current, just 
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as in liquids. In other cases, the conductivity is not noticeable and the dis- 
placements of ions are apparently limited in amplitude. 

We are thus led to consider the dielectric as an essentially heterogeneous 
medium, formed by a cluster of weakly conducting areas, with different con- 
ductivities and dielectric constants. According to the Maxwell-Wagner the- 
ory, the ions accumulate, at each oscillation of the field, at the interfaces of 
adjacent areas, and cause a polarization which raises the dielectric constant. 
On the other hand, when the ions cross the areas, the resulting friction is a cause 
of energy absorption. 

Except at higher temperatures, this ionic polarization has, in general, a neg- 
ligible effect on vulcanizates especially with natural rubber, which contains, in 
the raw state, but a very low proportion of ionizable impurities. 

However, a fourth type of polarization, characterized by large amplitude 
electronic displacements inside the heterogeneous semiconducting areas, seems 
to dominate in the rubber-carbon black compounds where the above described 
‘structure’ effects occur. The resistance met by the free electrons is small in- 
side black particles, more important at the interface between neighboring par- 
ticles and extremely large at the ends of agglomerates, where the interval be- 
tween particles is larger than the molecular dimensions. 

Consequently, the agglomerates of particles play, for the electrons, the part 
of variously shaped semiconducting areas, in which they can move according to 
the attraction of the field. The resulting polarization is accompanied by a 
“Joule” energy at the points where the particles are very close to each other. 
The Maxwell-Wagner theory of heterogeneous media applies again to this 
‘structure’ polarization, which is betrayed by variations in the dielectric con- 
stant and loss factor as a function of the frequency, of the same sort as for 
ionic and molecular polarizations®. 

Experience shows, however, that molecular and ‘structure’ polarizations 
differ strongly under certain circumstances. At radio frequencies, and in 
vulcanizates with colloidal blacks, for instance, losses are noted which are nearly 
independent of temperature. Such losses add up to those resulting from molec- 
ular polarization and are closely associated with the ‘structure’ of the black’. 

This observation is in line with the fact that such vulcanizates present, in the 
low frequency range, a maximum absorption, also associated with the ‘structure’ 
and not much influenced by temperature, while another maximum absorption 
due to molecular polarization occurs independently from the former, at radio 
frequencies when the temperature is not too low’®. 

On the whole, molecular, ionic and electronic ‘structure’ polarizations can 
all three intervene in the dielectric properties of the compounds heated in the 
condenser-mold, this technique offering however a possibility of estimating 
their relative importance at all the stages of vulcanization or heating. 

From Figure 3, it seems that the configuration of the agglomerates responsi- 
ble for ‘structure’ polarization is influenced by vulcanization, since after suffici- 
ent heating, the losses differ from vulcanizable to nonvulcanizable compounds. 

A study covering much wider ranges of temperature and frequencies is re- 
quired to determine on the basis of the Maxwell-Wagner theory, in what way 
the configuration of such agglomerates is modified by vulcanization. Appar- 
ently, this configuration remains unchanged when heating without vulcanizing, 
except during the first minutes. 

Vulcanization has a much stronger influence on molecular and ionic polari- 
zation than on structure polarization. As expected, the molecular polarization 
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of the Debye type rises progressively during the effective vulcanization period, 
since we note a progressive and limited increase of the dielectric constant, no 
doubt caused by a polar fixation of sulfur by the polymer. The losses are not 
affected by this process, because the conditions where the corresponding ab- 
sorption might occur are far outside the reach of our tests. 

Finally, ionic polarization explains both the minimum loss at 120 eps when 
the black loading in the vulcanizates is around 5% (Figure 7) and the sudden 
decrease in losses at 1 keps, during the vulcanization of a gum compound 
(Figure 3). 

In the first case, the ions resulting from the dissociation of nonrubber elements 
or vulcanizing ingredients are apparently adsorbed by the colloidal carbon black 
and the losses decrease when the black loading is raised, until this trend is re- 
versed by ‘structure’ polarization. In the second case, the lower losses suggest 
that the dissociation processes stop at a certain stage of the reaction, and that 
the concentration of ions in the compounds is reduced correspondingly. The 
adsorption of ions by carbon black could also account for the near disappear- 
ance of this mechanism of losses in the highly loaded black compounds. 


CONCLUSIONS 


To conclude, let us sum up the advantages of direct current or low fre- 
quency measurement of the electrical properties of natural rubber compounds, 
when operating inside the mold in which vulcanization is occurring. 

In this way, it is possible to follow the changes in properties during heating 
or vulcanization more closely and accurately than when operating with samples 
outside the mold. An orientation of the colloidal structure of compounds above 
10% by volume of MPC black is thus easily demonstrated. The dielectric 
properties of the compounds depend, in this case, on the size of the samples, 
since this orientation is a function of the dimensions, especially of the thickness 
of the molded compound. 

Oa the other hand, from the behavior of vulcanizable and nonvulcanizable 
compounds, a distinction may be made between the respective effects of both 
the vulcanization and the special state of agglomeration of the black colloidal 
particles in the compounds. 

This ‘structure’ of the black affects apparently both the losses and the di- 
electric constant through an electronic polarization phenomenon which can, in 
principle, be analyzed through the Maxwell-Wagner general theory of hetero- 
geneous dielectrics. 

The effect of ‘structure’ on low-frequency losses depends essentially upon 
the nature and ratio of the black and varies like direct current conductivity. 
This ‘structure’ seems to be influenced also—although to a much smaller 
extent—by vulcanization, since the level of losses during heating is lower than 
with a nonvulcanizable compound containing the same ratio of black. 

When this ratio does not exceed 10% by volume, vulcanization governs the 
dielectric properties more directly, both by a fixation of polar sulfur to molec- 
ular chains, and by an ionic dissociation of vulcanizing ingredients. 

In the range of this study the only effect of molecular polarization is a rather 
limited increase of the dielectric constant; the losses are not affected. The 
sudden decrease of losses noted during the vulcanization of a gum compound is 
explained by a disappearance of the ions formed by the vulcanization reactions. 
This ionic polarization of the Maxwell-Wagner type plays no marked part in 


inp i 
4 
i 
ar 
a 
uf 
eg 
ae 
ae 


ELECTRICAL PROPERTIES OF BLACK STOCKS 649 


compounds containing large amounts of black, no doubt because the ions are 
adsorbed by the black. 

By extending this study, as it is hoped, into the field of radio frequencies, 
it should be possible to improve the theory of the evolution of dielectric proper- 
ties during vulcanization. From the practical point of view, such work would 
provide useful experimental data for a rational application of radio-vulcaniza- 
tion. 
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TIRE ABRASION AT DIFFERENT TEMPERATURES * 


G. J. van AMERONGEN, J. F. BENDERs, 
AND H. C. J. DE DECKER 


Detrr, HOLLAND 


INTRODUCTION 


In previous work’, it was shown how reliable results can be obtained in the 
study of such an apparently variable process as the abrasion of automobile 
tires. In order to obtain these results it is clear that it is necessary to find the 
right combination of research equipment, statistical calculations and reliable 
scientific methods for measurement. Thus it is clear that the use of the so- 
called “standard test’, introduced by the Rubber-Stichting, is advisable. Such 
a standard test lasts only a short time, hence it is possible to carry it out under 
fairly constant conditions. If proper precautions are taken, the short standard 
test gives a sufficiently reliable and statistically accurate picture of the actual 
abrasion of automobile tires. 

One of the most important specifications for the standard test is that the 
experimental results must be expressed in relative figures. With every com- 
pound that is used in the tests, one gets the so-called ‘“‘relative-abrasion resist- 
ance” with reference to a comparison or standard compound, which is run on 
another wheel in the same test. This relative abrasion resistance has the great 
advantage that it is only slightly dependent upon experimental conditions. 
This dependence is much greater for the “absolute abrasion’. Thus, for in- 
stance, slight variations in the moisture on street surfaces have a strong in- 
fluence on absolute abrasion. However, it is very difficult to establish what 
factors are responsible for the differences in the absolute abrasion. It is ap- 
parent that many factors have analogous (multiplicative) effects on different 
compounds, so that these factors may be largely eliminated in a standard test 
by calculations of the geometric mean values for relative abrasion resistance. 

The results of standard tests soon showed that the relative abrasion resist- 
ance of two compounds is not constant under all conditions. Above all, the 
ambient temperature which is determined largely by climate and season of the 
year, evidently had a profound effect on the relative abrasion resistance. This 
showed that the realative abrasion resistance for a tire tread X compared with 
a standard type A, was strongly dependent on the surrounding temperature, 
other conditions being the same. 

Series of standard tests were set up for ambient temperatures varying from 
about 0° to about 30° C, using a number of tread compounds which are of cur- 
rent interest for passenger car tires. These tests were made with 6.70-15 size 
tires which were provided with the following types of treads: Natural rubber/ 
HAF (control compound) ; SBR cold rubber (Polysar Krylene)/HAF; natural 
rubber/SAF; natural rubber/ISAF; natural rubber/HAF, oil extended and 


* Translated for Rusper CHEeMIstry AND TECHNOLOGY , af D. Wolfe, from Kautschuk und Gummi, 
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Tasie I 
Natural rubber 
A. 


Oi 
Normal extended Synthetic rubber 


Rubber (RSS 1) 100 100 —— 
Polysar Krylene (SBR) 100 
Zine oxide 5.0 6.2 5.0 
Stearic acid 2.0 2.5 2.0 
Sulfur 2.5 2.5 2.0 
Pheny]-2-naphthylamine 1.0 1.2 1.0 
Dutrex 55. 3.0 25.0 5.0 
Santocure 0.6-0.9 1.1 1.6 
Vultrol NNO) 0.0-0.5 0.0-0.5 
Carbon black** 50.0 62.5 50.0 
Vulcanization conditions: 
Hot water at 150° C, 

minutes 60 60 70 + 10 to 


cool in press 
Circulating heat at 138° 
C, minutes 60 60 70 + 10 to 
cool in press 
* Benzothiazolyl N-cyclohexylsulfenamide. 
** Carbon blacks used: Vulcan 3(HAF) ; Vulcan 6(ISAF) and Vulcan 9(SAF). 


natural rubber/ISAF, oil extended. Optimum vulcanization for each com- 
pound was determined by laboratory tests. The data for compound composi- 
tions and vulcanization are given in Table I. 


THE PROBLEM OF ABSOLUTE AND RELATIVE ABRASION 


The standard test provides the absolute abrasion (for example in g/1000 
km) along with the relative abrasion resistance of a compound under the test 
conditions. This absolute abrasion, as previously mentioned, is quite variable 
for one and the same compound in different tests. It is clear that the depend- 
ence of the relative abrasion resistance upon the ambient temperature must, in 
the final analysis, be caused by the dependence of the absolute abrasion on this 
temperature. For practical purposes, it is very important to know this latter 
dependence. Because of the many possibilities for variation in the absolute 
abrasion, this dependence on temperature for a given compound can be deter- 
mined with satisfactory accuracy only when a number of measurements are 
made of the absolute abrasion at different temperatures. The number of com- 
pounds for which the dependences on temperature is to be measured is great, so 
that extensive series of individual tests must be made. 

The adequate degree of accuracy with which the relative abrasion resistance 
of different compounds may be determined in standard tests, offers the possi- 
bility of obtaining an approximately accurate idea of the absolute abrasion of 
a compound at various ambient temperatures. A great many values for the 
absolute abrasion of one of the compounds were determined. This was the 
natural rubber/HAF control compound. These results gave a means of evalu- 
ating the effect of surrounding temperature on the absolute abrasion of this 
compound with satisfactory accuracy. A variety of data are available in the 


literature for similar compounds, so that our results may be compared there- 
with. 
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THE ABSOLUTE ABRASION OF THE CONTROL TIRES 


The desired temperature dependence of the absolute abrasion could be de- 
rived for the natural rubber/HAF compound from the results of about 100 
standard tests. These tests were all run with a Ford “Mainline” on one and 
the same course in Holland. The abrasion data are plotted in Figure 1. In 
this figure, not the absolute abrasion but its logarithm was plotted against 
ambient air temperature. This was done on the basis of considerations by 
Stiehler, Richey, Steel and Mandel’, who found that the influence of weather 
conditions on the absolute abrasion of automobile tires is multiplicative rather 
than additive. This could be verified by our own experience. The correlation 
coefficient determined for about 100 measurements stands at about 0.64. 
Hence it can be concluded that there is a positive correlation between absolute 
abrasion and ambient temperature. The distribution of the points is too scat- 
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Fig. 1.—Abrasion of natural rubber'/50 parts HAF treads ia standard test at temperatures. 
Abscissa is ambient temperature in ° C; ordinate is log abrasion (g/1000 km). 


tered to allow us to say that the correlation is anything but linear. The best 
straight line, to represent the experimental points, was determined with the help 
of the method of least squares. 

Following the train of thought expressed in the second section, this optimal 
estimate of the relation between absolute abrasion and ambient air temperature 
taken from Figure 1 was employed as the key to reading off the absolute abra- 
sion of various tire treads. For better clarity, the straight line of Figure 1 was 
transposed into a curve in linear plots. This curve appears as the comparison 
curve in Figures 2, 3, and 4. All other curves may now be determined from the 
abrasion resistance secured by standard tests. Also, for control purposes, the 
abrasion data of Amon and Dannenberg’ for similar compounds are plotted in 
Figure 2. These workers measured the abrasion in terms of loss of depth of the 
tread grooves (mils/1000 miles), while our abrasions are given in terms of loss 
in g/1000 km. By calculations using the specific gravity of the tread com- 
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T 224% 
= 
NK /HAF(Au 0) 
3 
S60 192 8 
DINK /HAF (RS) 
5% 16.0 
E 
40 GR-S/HAF (RS) 128 
2 
GR-S/HAF (Au D) 96 
Vergiechskur ve (RS) 
20 | 64 
-5 +5 10 20 25 30 3 
Umgebungstemperatur (°C) 


2.—Abrasion of SBR compared to natural rubber treads. Data are from various researches. 
Rubber stichting (comparison curve). 
Abscissa is ambient temperature; ordinate is abrasion (g/1000 km) and (milli inches/1000 miles). 


NK = Natural ru 
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= Amon and Dannenberg. 


Fie. 3.—Abrasion of natural rubber/HAF compared to natural eee and /ISAF. Abscissa is 
ambient temperature; ordinate is abrasion (g/1000 km). 


Fie. 4.—Abrasion of natural rubber/HAF compared to natural rubber/HAF/oil treads, and natural rubber 
SAF /oil treads. Coordinates are as in Figure 3. 
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pound we find that an abrasion measured as 1 g/1000 km is equivalent to 0.32 
mils/1000 miles. Using this correction factor, we find that in the range 12° to 
32° C, in which Amon and Dannenberg made their measurements, there is good 
agreement between their results and ours. Slight changes in the conversion 
factor have but little effect on the agreement. 


RESULTS AND CONCLUSIONS 


Figure 2 indicates that the abrasion of SBR is considerably less dependent 
upon temperature than that of natural rubber. Under the conditions for 
abrasion which were used, natural rubber shows a smaller abrasion loss than 
SBR in the temperature range below about 16° C. This was previously shown 
to be true!. 

Figure 3 shows that abrasion loss by natural rubber/SAF tread is appreci- 
ably less than by the control tread of natural rubber/HAF, at the temperatures 
prevailing in these tests. It is likewise apparent that the abrasion of natural 
rubber/ISAF tread is appreciably less dependent on temperature than are the 
treads made of natural rubber/HAF or /SAF. In this connection, it is shown 
that the abrasion resistance of the ISAF compound is lower than that of the 
HAF compounds at lower temperature, whereas it may be every bit as abrasion 
resistant as the SAF compound at higher temperatures. 

Consideration of Figure 4 leads to the conclusion that extending natural 
rubber with 25% of oil, leads to a somewhat higher abrasion loss as measured 
for moderate climates. This disadvantage is probably compensated for by the 
advantage of a cheaper material. At air temperatures of 25° to 30° C and 
higher, extending by oil will always be in a sense advantageous, because the 
abrasion loss then is nearly the same as for unextended natural rubbers. 

The oil extended natural rubber/ISAF compound is just about as costly as 
the unextended natural rubber/HAF compound. According to the course of 
the abrasion graphs, the combination ISAF/oil will give appreciable advantages 
at air temperatures above 15° C. In the temperature range 25° to 30° C, it 
shows abrasion losses just about as low as SBR/HAF (see Figure 2). 


SUMMARY 


The relative abrasion resistance of tire treads of various types was deter- 
mined by relatively short but statistically reliable standard tests, with auto- 
mobiles driven on streets. It has been found earlier that this relative abrasion 
resistance is a function of the ambient air temperature, and that at medium and 
lower temperatures, natural rubber treads show better resistance to abrasion 
than do treads made of SBR. In the present work, it is shown that it is possible 
to establish the absolute abrasion of a tire and also its dependence on tempera- 
ture. It appears that the dependence on temperature of the abrasion for SBR is 
markedly less than for natural rubber. Different carbon blacks show different 
degrees of dependence on temperature for the abrasion of the compounds. 
This temperature dependence of abrasion can be reduced for natural rubber by 
oil extension. 
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FILLER-RUBBER INTERACTION IN LATEX * 


B. A. Dogapxin, L. G. Senatorskaya, V. I. 
A. V. Sustyakov, AND P. I. ZAKHARCHENKO 


Screntiric Researcu InstiruTe ror THe Tire Inpustry, Moscow, USSR 


The principal obstacle to the development of the technology of production 
of rubber articles from latex (natural and synthetic) up to the present time has 
been the absence of a rubber reinforcement effect in latex, and the consequent 
impossibility of obtaining strong rubbers by direct introduction of fillers into 
latex. Active fillers (carbon black, colloidal silicic acid, zine oxide, kaolin, 
etc.) when added to latex either lower the strength of the latex vulcanizates or 
yield compounds the strength of which falls far short of the values found for 
compounds made by the usual energy-consuming method of addition of fillers 
to the dry rubber on rolls or in mixers. In consequence only unfilled stocks are 


TABLE I 


ComPARATIVE STRENGTH Data ON VULCANIZED FILLED 
AND UNFILLED Latex ComMPouNDs 


Latex type 


Revertex i A. Van Rossem and 
J. A. Plaizier' 
Natural latex B. Dogadkin and 


R. Uzina! 
Butadiene-styrene 
latex (Igetex S-3) Channel black R. Uzina and M. 
Dostyan! 
Channel black Conover'** 
* These values were obtained in two-dimensional tensile tests by the Flint instrument; they are consider- 
ably | her than the usual tensile data obtained by the Schopper ge pe 


nover's review gives numerical data only, without 


thods used for preparation 
or tantinn of the filled latex compounds. 


now made directly from latex, which greatly restricts the range of possible ap- 
plications of latex technology and its further development. 

A number of workers! have attempted to solve the problem of reinforcement 
of rubber in latex. However, as Table I shows, these attempts have not led 
to the desired results. 

The authors of the present paper® have succeeded for the first time in deter- 
mining the conditions for obtaining butadiene-styrene (SKS-30) latex com- 
pounds with carbon black which have strength characteristics (in the vulcan- 
ized state) not inferior practically to the usual compounds from the same 
rubber. This opens up new possibilities for the production of filled latex com- 
pounds for the solution of technical problems. 


* Reprinted from Colloid Journal (USSR) 18, — (1956); translated from Kolloidnyi Zhurnal, 
Vol. 18, pages 528-535 (1956) by Consultants Bureau, Inc. 
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The idea of the investigation —In our opinion there are three main reasons 
for the insufficient reinforcement effect of rubber in latex compounds. First, 
active fillers (carbon black, zine oxide, colloidal silicic acid) are distributed in 
the latex not as primary particles but as more or less large aggregates. The 
nature of these aggregates varies with the type of filler, its concentration in the 
latex, and the protective substances used for dispersion’. 

The first cause of the low strength of latex rubber compounds is the insuffici- 
ently fine distribution of the filler in the latex, so that insufficient contact area 
is developed between the rubber and filler particles. 

The second cause is that in a latex mix, even if the dispersed particles are 
finely and uniformly distributed, they are not deposited simultaneously during 
formation of the deposit (film), whether by evaporation of water, by coagula- 
tion, or by application of the latex mix to a water-absorbing material. The 
reason for this nonsimultaneity may be a) varying density of the dispersed 
particles; b) different values of the electrokinetic potential and different rates 
of its variation by the action of the precipitant (electrolyte) or on change of 
concentration (in the evaporation of water); c) different surface activity and 
stability of the protective layers on the particle surfaces; and finally d) varying 
anisotropic characteristics of the particles, which also influence sedimentation 
kinetics. Nonsimultaneous deposition of the particles from a latex mix leads 
to an inhomogeneous, stratified distribution of the film components and hence 
to low strength in the filled vulcanizates obtained from latex mixes. 

The third cause for the absence of a reinforcement effect is the presence of a 
protective surface coating on the latex globules and carbon particles, which pre- 
vents direct contact between the rubber and the filler after removal of the 
aqueous phase. 

The views advanced above are confirmed by direct experiments. If channel 
black is added to butadiene-styrene latex in the form of a very fine dispersion, 
then the strength of the vulcanized films containing 40 parts by weight of carbon 
per 100 parts of rubber is about 12 kg/em*. The same latex mix after milling 
and vulcanization in a press has a strength of 136 kg/cm*. This effect of the 
milling can be explained on the grounds that milling produces uniform distribu- 
tion of the components and homogenizes the system to such an extent that di- 
rect contact is established between the rubber and the carbon-particle surfaces, 
and also between the carbon particles without a weakening protective layer 
between. 

This is in full agreement with the theory of rubber reinforcement advanced 
by one of us‘ and also with the latest data of Garten’ and Watson® on the radical 
mechanism of rubber-carbon black interaction. 

Thus, for the production of filled latex compounds of high strength it is 
necessary to ensure: 


a) a high degree of dispersion of the fillers and other ingredients added to the 
latex; 

b) simultaneous precipitation of the particles from the latex mix; 

c) conditions which result in direct contact between the rubber and filler 
particles, without intermediate layers of protective substances which lower the 
rubber-filler interaction energy. 


It is also evident that protective substances, intermediate layers of which 
do not diminish the rubber-filler interaction energy and which do not prevent 
the formation of chemical vulcanization bonds between the latex globules, may 
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be used without significant detriment to the strength of the latex compounds. 

Our experiments were therefore based on the forgoing considerations. 

Composition and methods of preparation of the latex compounds.—The ma- 
terial for investigation was SKS-30 butadiene-styrene latex containing Nekal 
(sodium dibutylnaphthalene sulfonate) as emulsifier. 

Ukhta channel black was added to the latex in the form of a fine dispersion 
made in a colloid mill with Leukanol (condensation product of sodium 2-naph- 
thalene sulfonate with formaldehyde) as stabilizer. The vulcanization ingredi- 
ents were Accelerator 226 (a mixture of Captax sodium salt and triethanola- 
mine), zine oxide, and sulfur. The zine oxide and sulfur were dispersed in a ball 
mill with Leukanol as stabilizer. After addition of all the ingredients, the 
latex mix was stirred together in a blade mixer, filtered through gauze, and 
poured into glass cells. The drying was first carried out in air, and the films 
were then dried in a desiccator over sulfuric acid. The resultant films, ~0.5 
mm thick, were vulcanized in a press at 143° C. 

Effect of casein and other protective substances.—As Figure 1 shows, latex 
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Fria. 1.—Effect of additions on the tensile strength of latex vulcanizates containing 40 parts of channel 
black by weight: /) casein; 2) gelatin; 3) sodium alginate; 4) casein without channel black. 


films filled with channel black (40 parts by wt.) have a strength of ~25 kg/cm? 
at optimum vulcanization. The strength rises sharply, reaching 190 kg/cm?, 
if casein is added in the form of ammonium caseinate. Gelatin and sodium 
alginate have a similar effect but to a smaller degree (Figure 1). The maximum 
reinforcement effect of casein in carbon black compounds is found at a content 
of ~2% onthe rubber. At the same time, addition of casein to latex without 
carbon black (in various amounts, up to 10% on the rubber) does not produce 
any significant increase in the strength of vulcanized latex films (Figure 1, 
Curve 4). Thus, the influence of these substances involves a change in the 
nature of the interaction between the components of the carbon-latex mix. 
Addition of casein results in thickening and at the same time in destabiliza- 
tion of carbon black-latex mixes. This is seen from the microphotographs® 
of the mix before and after addition of casein (Figure 2a, and 2b). The mixture 
with casein shows large aggregates consisting of rubber and carbon particles 
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after dilution with water, while in the mixture without casein the disperse 
phase is uniformly distributed. A similar situation (Figure 2c, and 2d) is 
found on addition of ammonium caseinate to a dispersion of carbon black alone. 
The destabilization effect is also seen in the sedimentation kinetics of diluted 
carbon black-latex mixes. 

As Figure 3 shows, the sedimentation rate of the suspended particles be- 
comes about seven times higher on addition of 2% casein (Curve 2) compared 
with the sedimentation rate in mixes without casein (Curve /). 

The destabilization of the carbon black—latex mixture on addition of casein 
may be attributed to interaction between casein and the protective substances 
on the surfaces of the carbon particles and the latex globules (Nekal, Leukanol). 
We believe that this interaction leads to partial desorption of the protective 
substances from the surface of the particles in the disperse phase and to forma- 
tion of coacervates—an effect repeatedly described in papers on destabilization 
of colloid systems. The carbon particles and latex globules, from which the 
protective surface layer has been to some extent removed, form structures in 
which direct contact is established between the carbon and the rubber. Accord- 
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Fie. 3.—Sedimentation kinetics of latex mixes eonniaing 40 parts of channel black by weight: /) with- 
out casein ; 2) with casein ; one ee ae 10; 4) casein with 2 wt. parts OP-10; 5) casein with 
3 wt. parts P-10; 6) casein with 4 wt. parts 


ing to Voyutskii’ the surface of the globules in SKS-30 latex is not completely 
covered by a protective layer of emulsifier. This, as was noted above, is one of 
the conditions for rubber reinforcement. At the same time, the introduction 
of casein and similar substances, by favoring the formation of secondary struc- 
tures consisting of rubber globules and carbon black, ensures their simultaneous 
precipitation in film formation. In other words, another condition for rein- 
forcement is fulfilled—coprecipitation of the components and their uniform 
distribution in the mix. 

The connection between formation of secondary structures in carbon black- 
latex mixes and vulcanizate strength is confirmed by the following experiments. 
If varying amounts of stabilizer OP-10 (a reaction product of ethylene oxide 
and an alkyl phenol) are added to the carbon black-latex mix, followed by 
casein, then the stability of the mix rises with the OP-10 content (Figure 3). 
However, this is accompanied by a decrease of vulcanizate strength, and there 
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Fic. 4.—Effect of the content of OP-10 on the tensile strength of latex + - cee, 
containing 40 parts of channel black and 2 parts of casein by weight. 


is an inverse linear relationship between the content of OP-10 in the mixture 
and the tensile strength of the vulcanizate (Figure 4). The mechanism of the 
action of various stabilizers requires further careful study for the development 
of a correct theory of rubber reinforcement in latex mixes. 

The destabilization effect can evidently be positive only if it occurs in a 
well-distributed mixture of carbon particles and latex globules (Figure 5). 
Only then can redistribution of protective substance between particles of the 
disperse phase lead to the formation of a fine structure in a filled latex film with 
high-strength characteristics. 
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Fra, 5, Tp es conditions for the production of carbon black dispersions on the tensile strength of 


vulcanized latex (40 wt. parte of channel black); carbon black dispersed by: 1) colloid mill; 
ball mill for 48 hours; 3 pe 4) carbon black without treatment. 
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Fie. 6.—Kinetics of sulfur addition in films from carbon black—latex mixes (40 wt. parts of channel black) 
according to vulcanization conditions: /) in air; 2) in press; 3) in press, after preliminary milling. 


Effect of vulcanization conditions —The existence of protective coatings on 
the latex globules is a significant obstacle to the formation of chemical vul- 
canization bonds between them. It is possible to visualize the existence of 
such layers between the latex globules as would completely prevent the inter- 
action between the vulcanizing agent (sulfur) and rubber. In such cases the 
vulcanization effect or a due reinforcement effect would not occur. In cases 
when direct contact takes place in the latex mix between the globules and the 
filler particles without an intermediate layer of protective substances, the vul- 
canization effect would be as pronounced as in ordinary mill-mixed stocks. 
Between these two extremes there are a number of real intermediate states in 
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Fic. 7.—Effect of vulcanization conditions on the mechanical properties of latex compounds with au wt. 
parts of channel black; vulcanization: 1) in air; 2) in press; 8) in press, after pecllasinasy mi 
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which the vulcanization kinetics and the final degree of development of vulcan- 
ization structures depends on the composition of the protective substances, the 
relative extent of the regions of direct contact between the rubber globules, the 
thickness of the protective layers, rate of diffusion of sulfur through them, and 
a number of other factors. 

Figure 6 shows the kinetics of sulfur addition in films from a carbon black- 
latex mix containing 40 wt. parts of channel black, during vulcanization in a 
thermostat in the air, and in a press, before and after milling. Figure 7 shows 
the variations of the mechanical properties of the vulcanizates for the same 
conditions. As was to be expected, during vulcanization in air, the addition 
of sulfur is slow and in 160 minutes it reaches 70% of the amount of sulfur 
added. Vulcanization in the press is practically complete in 60 minutes. 
This difference in the vulcanization kinetics is explained, by the usual factors 
which determine the differences between press and air vulcanization, and also 
by the fact that hydraulic pressure during molding increases direct contact 
between the rubber particles and the vulcanization components. Accordingly, 
the strength of films vulcanized in air (140 kg/cm?) is lower than the strength of 
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Fia. 8.—Kinetics of swelling of latex mix vulcanizates with 40 wt. parts of channel black in relation to the 
vuleanization conditions: /) in air; 2) in press; 3) in press, after preliminary milling. 


films vuleanized in the press (~170 kg/cm’). The highest strength, as already 
stated, is found in compounds of the same composition only after milling. 

A direct measure of the smaller number of chemical crosslinks in vuleani- 
zates obtained in air is provided by their greater maximum swelling in xylene in 
comparison with press-vulcanized products (Figure 8). This suggests that the 
choice of a more active vulcanization system might yield filled latex compounds 
which would have strength properties after air vulcanization similar to those of 
press vulcanizates. 

Effect of electrolytic coagulation.—If a filled latex mixture is coagulated by an 
electrolyte and the resultant coagulum is vulcanized in a press, the vulcanizate 
strength is higher than that of latex films obtained by the drying method (see 
Table II). This strength increase is apparently primarily due to the fact that a 
part of the protective substances of the latex mix remains in the serum after 
coagulation. It is also possible that the removal of the charge from part of the 
disperse phase favors the formation of coagulation structures in which more 
complete contact is effected between the rubber and filler, and also between the 
filler particles. 

Coagulation of filled latex mixes can be used for the production of granu- 
lated rubber mixtures for the manufacture of pressed articles. 
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TABLE II 


PuysicAL AND MECHANICAL PROPERTIES OF VULCANIZATES WITH 40 
Weicut Parts or Gas CHANNEL Biack BAsED ON 
LATEX AND ON SKS-30 RusBER 


Based on SKS-30 latex 


Blectroly- 
Properties 

Tensile strength, kg/cm? 214.2 

Modulus at 100% elongation, kg/cm? 22. 

Modulus at 300% elongation, kg/cm? 65.5 

Relative elongation, % 

Residual elongation, % A 

Tearing strength, kg/cm? 9 

Shore hardness 

Rebound elasticity at 20°, % 


A kg/cm? 


20 


4 

© 10 20 30 40 50 60 Oo 10 20 30 40 50 60 
WT. PARTS FILLER WT. PARTS FILLER 


Fic. 9.—Effect of channel black content on the mechanical properties of latex rubber com a (SKS- 
30): 1) tensile strength (A); 2) oe at 300% clongation A); 8) relative elongation (B) by? residual 
elongation (B); 5) tearing strength (C ; 6) Shore hardness ( : 7) rebound elasticity at 20° ( 


Mechanical properties of vulcanizates obtained from filled latex mixes.—F igure 
9 shows variations of the mechanical properties of vulcanizates with the amount 
of Ukhta channel black. Table II shows data on the mechanical properites of 
vulcanizates obtained from latex mixes by the drying and coagulation methods, 
and of vulcanizates of the same composition made by the usual method of com- 
pounding on rolls. It is seen that the principal strength properties of these 
products are similar. There is no doubt, however, that the different nature of 
vulcanizate structure cannot fail to show itself in a number of properties, such 
as the modulus, hardness, etc. Nevertheless we believe that our results open up 
definite possibilities for the production of technically valuable filled vulcani- 
zates directly from latex, and therefore for the development of new technological 
methods. 


SUMMARY 


Conditions for the production of strong vulcanizates by direct addition of 
channel black to SKS-30 butadiene-styrene latex have been determined. 
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Rubber reinforcement by carbon black in latex mixes occurs on addition of 
such substances as casein, gelatin, and alginic acid to the mixture. 

Experimental data are cited to show that the rubber reinforcement effect in 
the presence of the above substances is due to: a) their destabilizing action and 
the formation of structures in which the carbon black and rubber particles are 
in direct contact; b) conditions in which the latex components are precipitated 
simultaneously (coprecipitation effect). 

Electrolytic coagulation of carbon black—latex mixtures results in increased 
vulcanizate strength. 

Vulcanization of filled latex compounds proceeds at a lower rate than that of 
ordinary rubber compounds of the same composition. 
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MODIFICATION OF RUBBER BY REACTION WITH 
MALEIC ANHYDRIDE * 


JeAN LeBras, CHRISTIAN PINAZZI, AND MILBERT 


The reaction between maleic anhydride and rubber has been studied in solu- 
tion’, by milling? and by heating in the solid phase*. However, as is most often 
the case with chemical derivatives of the rubber hydrocarbon, the operating 
conditions that were employed only yielded products exhibiting considerable 
impairment to the physical properties characteristic of rubber (especially its 
high elasticity) as a result of secondary reactions of scission, cyclization and 
crosslinking. It has subsequently been shown that it is possible, under certain 
conditions, to minimize these injurious effects, both in the case of the reaction in 
solution between natural rubber and maleic N-methylimide‘ and in that of the 
reaction by milling between synthetic olefinic elastomers and maleic anhy- 
dride’. 

Inspired by these studies, we have undertaken to re-examine, on more pre- 
cise chemical bases, the reaction between the rubber hydrocarbon and maleic 
anhydride. 

The reaction is effected in a sealed tube, in an atmosphere of oxygen-free 
nitrogen under reduced pressure, in toluene solution, and in the presence of 
antioxidants (2,6-di-tert-butyl-4-methylphenol and 6-pheny]-2,2,4-trimethyl- 
1,2-dihydroquinoline) for the purpose of minimizing the scission and crosslink- 
ing reactions. The ratio of maleic anhydride to rubber is varied from 25 to 
400 per cent by weight. The reaction is carried out at 180°, and the time of 
reaction is varied from 30 to 180 minutes. The product of the reaction is pre- 
cipitated and washed with acetone or ethanol, then redissolved in benzene and 
reprecipitated until all the free anhydride and the antioxidants are eliminated, 
and finally dried under vacuum until all traces of solvent have disappeared. 

The influence of the antioxidents is clearly revealed by gel rubber measure- 
ments, which give an indication of the crosslinking condition of the product. 
It has been found, for example, according to whether antioxidants are used or 
not a reaction time of 120 minutes yields respective gel rubber ratios of 1.2 and 
4.2 in the case of an initial ratio of 25 per cent of anhydride (combined ratio 
about 2 per cent ) and of 2.8 and 26 in the case of an initial ratio of 400% of 
anhydride (combined ratio about 12 per cent). It may be concluded that the 
product obtained exhibits practically no crosslinking, and granting (in accord- 
ance with previous studies*) that it is the CH: in the 4-position which is the 
most probable reactant, the linear molecule of the product may be assumed to 
correspond to the formula: 

CH; CH; 
HC == CH 
+ ——> —CH =CH—CH— 


HC —— CH: 


* Translated by D. M. Beach from Comptes Rendus des Sé de U' Académi 


pages_1214~-1217 (1958). 
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REACTION WITH MALEIC ANHYDRIDE 665 
The quantities of combined anhydride are determined by direct micro- 
analysis of the oxygen. From the ratio of oxygen found in the rubber control 
sample (which has undergone the same treatments as the anhydro succinic 
rubber, but in the absence of anhydride) and from the theoretical formula 
given above, it can be calculated from the results of the analysis that products 
A and B shown in the Table I correspond, respectively, to ratios of 5.5 and 22 
per cent of combined anhydride, or 4 and 20 anhrJro succinic groups per 100 
isoprene linkages. 

The special properties of such an anhydro succinic rubber were verified by 
obtaining the corresponding carboxylic derivative, as well as its benzylic ester 
and its anilide. It is also of interest to note the changes in solubility: in con- 


TaBLe I 
% Anhydride 
“added 


C% H% 0% 
Pale crepe, control sample 0 88.4 11.5 1.2 
Product A 50 83.5 11.7 4.0 
Product B 400 10.1 2.0 


trast to the rubber hydrocarbon, its anhydro succinic derivative B is completely 
soluble in methy! ethyl ketone or butyl acetate and is insoluble in hexane. In 
addition, this derivative can be vulcanized (Table II) by the simple action of a 
metallic oxide, such as the oxide of zine or magnesium, as well as by diols, dia- 
mines or diisocyanates, whereas, under the same conditions, unmodified rubber 
gives no sign of vulcanization. 

The yield of the reaction, expressed in the ratio of combined anhydride to the 
anhydride employed, is low. But we only intended here to obtain an anhydro 
succinic rubber with a high combined anhydride content and with the least 
possible crosslinking, in order to be able to establish the fact of the reaction as 


Taste II 
MECHANICAL PROPERTIES OF SOME VULCANIZATES 
Modulus Tensile 


% Combined Vulcanizing at 300%, at break, Elong. 
anhydride agent kg/cm? kg/cm? at break, % 
Ordinary rubber 0 S + accelerator 40 260 550 
Rubber control sample 0 S + accelerator 30 60 450 
Anhydro succinic rubbers 5 S + accelerator 160 180 350 
Anhydro succinic rubbers 5 ZnO 85 400 640 
Anhydro succinic rubbers 24 MgO 140 140 300 


shown by analytical data and to show the modifications in properties emanating 
therefrom. 

On a more practical scale, we also conducted the reaction in internal mixers, 
in a current of nitrogen, limiting ourselves to small quantities of combined anhy- 
dride (from 1 to 4 per cent) sufficient to produce substantial changes in the 
properties of the elastomer. Such an anhydro succinic rubber can be vul- 
canized by the agents indicated above, and the vulcanizates display special 
technological characteristics which will be described in another publication. 

These experiments have thus shown that it is possible to fix onto rubber, 
without impairing its high elasticity, reactive groups which give it a degree of 
polarity capable of imparting new characteristics to the vulcanizates. 
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A UNI-ROTOR MIXER FOR RUBBERS AND PLASTICS * 


W. F. Watson anp D. WILson 


Tue British Rusper Propucers’ Researcnu ASsoctaTION, 
ELWYN GARDEN City, ENGLAND 


Internal mixers for rubbers and plastics almost universally possess horizontal 
twin rotors and often a ram for directing material between the rotors. This 
mixing principle has some disadvantages from both the engineering and opera- 
tional aspects, for example, the uneven torque during mixing, the difficulty of 
adequately preventing escape of material, inter-charge contamination at the 
shaft-sealing glands. An alternative mixing principle which has certain at- 
tractive features is a single vertical rotor concentric in a chamber, rotor and 
chamber wall being designed to impart both lateral and downward motion to 
the material to achieve mixing with no losses from the open top of the chamber. 

It was convenient to test such uni-rotor mixing on a laboratory-scale ma- 
chine in the first instance. Further, the laboratory mixer might fulfil a need 
since limitations of reduction in size, temperature control, loss of material and 


Fie. 1.—Rotor and chamber components. 


* Reprinted from the Rubber and Plastics Age, Vol. 38, No. 11, pages 982-983, November 1957. Also 
published in Rubber Age (N. Y.), Vol. 82, pages 296-299, November 1957. 
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advent of impurities, and the presence of atmospheric gases make small-scale 
versions of two-rotor mixers inadequate for precise laboratory experimentation. 
The mixer described below has been in regular use in the BRPRA laboratories 
for several years and has come to be regarded as routine equipment for small- 
scale mixing operations. 


DESCRIPTION OF MIXER 


The rubber or plastic and compounding ingredients are contained in a gener- 
ally cylindrica] or slightly conical chamber and are mixed by the rotation of a 
twisted blade, Figure 1, inserted concentrically in the chamber. With the cor- 


Fre. 2.—General view of mixer. 


rect direction of rotation, the opposing helixes of the rotor and the chamber wall 
induce neighboring material to move to the closed end of the chamber, with a 
compensating upward circulation elsewhere. Consequent on the downward 
urging of material, there is no need for a ram and no tendency for escape although 
the chamber is not closed at the top. The material is also periodically squeezed 
between the rotor edges and the groove ridges in the chamber, an even number 
of grooves giving equal thrusts on both edges of the rotor. The resultant com- 
plex motion has been found to produce efficient mixing. 
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The rest of the apparatus, shown in Figures 2 and 3, rigidly holds the chamber 
concentric with the rotor at a selected depth of insertion and provides drive to 
the rotor. The shaft, Sh, can be rotated at 11 to 90 rpm by a 1-hp 1440 rpm 
motor acting through an infinitely-variable speed v-belt drive and a worm- 
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Fie, 3.—Sectional diagr of mixing-head assembly. 


reduction gear. The shaft is supported within its sleeve, Sl, by a ball-bearing 
race, B, and a carbon dry-sleeve bearing, C. A gland ring and packing, G, to- 
gether with “O” ring seal, 8, makes vacuum-tight the annular space between 
shaft and sleeve so that mixings can if necessary be carried out under inert 
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gases, or at pressures from a few mm mercury to several atmospheres by ap- 
propriate connections to the gas inlet and outlet ports, P. Rotation of a cap- 
stan-head, H, which is calibrated by a helical scale, lowers or raises the cham- 
ber to a selected depth of insertion of the rotor. 

The normal operating procedure is to wind the capstan-head to give the 
maximum retraction of the rotor into the shaft sleeve and attach the chamber 
containing the materials for mixing. If required, the gas in the mixer is then 
changed and the chamber immersed to a depth of several inches below the 
surface of liquid in a portable thermostatically-controlled bath. The capstan- 
head then raises the chamber with occasional revolution of the rotor until the 
latter bears on the bottom of the chamber. Mixing is carried out for a period 
controlled by a time switch on the electrical supply to the motor. 


PERFORMANCE 


Degradation efficiency—A wide variation in degradation efficiency is ob- 
tained by choice of the temperature or the rate of rotation of the blade. An 


Fic. 4.—Tapering rotor and chamb p 


alternative means of altering efficiency is the use of a chamber tapering to the 
closed end and a complementary rotor, Figure 4, to give various clearances when 
the rotor is inserted to varying depths. Spacers provide predetermined clear- 
ances when the rotor is lowered until bearing on the bottom of the chamber. 
Temperature control—An important distinction from conventional small 
mixers is temperature control of the masticating material within relatively nar- 
row limits, for example within 5° C and 2° C of the temperature of the ther- 
mostatting liquid at 20° C and 140° C, respectively, for normal rates of break- 
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Fie. 5.—Spiral-serolled rotor and stator. 


down of natural rubber. It is, however, often convenient in simple compound- 
ing to dispense with immersion in a thermostatted liquid. 

Variation of charge-—Similar efficiencies of compounding are obtained with 
a variation of charge of greater than one to five in any selected chamber. The 
chambers of Figures | and 4 take charges of 2-10 g and 10-50 g, respectively. 

Mixing of rubber and additives.—Under normal conditions of mastication in 
air during which rubber is softened and becomes tacky, vulcanizing ingredients 
added initially with unmasticated smoked sheet are incorporated within a few 
minutes’ mastication. The chamber after mastication appears visibly as clean 
as it was originally and no batch-to-batch transfer of small amounts of material 
has been detected. The homogeneity of compounded gum stocks was tested 
by vulcanizing and swelling samples from different parts of the same sheet in 
n-decane. No inhomogeneity was detectable within the + 1 per cent accuracy 
of the swelling measurement. 

Carbon black in amounts at least up to tire-tread stocks are also satisfactor- 
ily incorporated after a few minutes’ mastication of the materials added in one 
batch. Homogeneity tested for as above was within experimental error. A 


Fie. 6.—Plough-shaped rotor and stator. 
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hole drilled in the detachable chamber allowed slow addition of carbon black 
and other solids, and also liquids, during mastication. 

Mizxing of plastics.—Thermoplastic substances at appropriate temperatures 
have been treated in the mixer as rubbers, for example, polyethylene, poly- 
styrene, and polymethyl methacrylate at 120, 130, and 190° C, respectively. 
As an illustration of homogeneous mixing, polystyrene mixed with a small 
amount of a dye gave optical densities of samples taken from different parts of 
the mass within 1 per cent of the value calculated for the amount of dye added. 

Other mastication fitments.—Other rotor and chamber designs have been of 
value for special purposes. A spiral-scrolled rotor and chamber, Figure 5, has 
been employed extensively in investigations of degradation caused by shearing 
forces and mastication-induced polymerization. A  plough-shaped rotor, 
Figure 6, has been used for mastication-polymerization and the mixing of very 
stiff materials. 


CONCLUSIONS 


The most pertinent advantages of this one-rotor machine as compared with 
two-rotor laboratory mixers may be summarized briefly as follows: 


(1) Simplicity and cheapness of construction and robustness. Energy 
available of up to 1-hp per g material. Even torque characteristics. 
No contact of masticating materials with seals or glands. 

(2) Ease of operation and economy of batch size. No ram required nor 
feed for additives. 

(3) A five-fold variability of charge without impairing mixing efficiency. 


Insignificant charge losses or batch-to-batch retention. 
(4) Rigid control over temperature and gases present. 
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A SIMPLE EXTENSOMETER FOR TENSILE TESTING OF 
POLYMERS * 


A. E. anp A. R. Payne 


Researcu AssociaTIon oF Barrish RuspeR MANUFACTURERS 
Ssaawsury, SHrewssury, ENGLAND 


A description has recently been published of an improved dynamometer for 
tensile testing of rubberlike polymers, making use of modern electrical methods 
of measuring and recording forces'*. An account of this device and its applica- 
tions in rubber testing was presented to the London Section of the Institution 
of the Rubber Industry in January, 1957'. 

As a further step in the improvement of tensile testing, an extension-meas- 
uring device has now been constructed which enables the percentage elongation 
between the benchmarks of a dumbbell testpiece to be continually measured 
and recorded. 


DESCRIPTION 


Several devices using various principles have been developed for the meas- 
urement of elongation of dumbbells. Typical of these are the Imperial Chemi- 
cal Industries, Ltd., weightless lever system operating cams‘; a method using 
optical periscopes manually adjusted to follow the reference lines on the dumb- 
bell5; and the servomechanism of Klute, Penther, and McKee’ using lightly 
clamped cantilever springs. In routine testing, however, the method using a 
ruler held adjacent to the test specimen is still widely employed. 

In the B.S. 903 tensile method two parallel reference lines are marked on the 
narrow part of the testpiece; these are placed symmetrically about the center 
and are generally one inch apart. The elongation is usually measured by fol- 
lowing the travel of the reference lines by means of a suitably graduated ruler, 
but the method is not entirely satisfactory because: 


(1) Two marks which can become widely separated have to be observed at 
the same time; 

(2) The ruler must be a finite distance from the specimen, so that errors due 
to parallax are difficult to avoid; 

(3) The reference lines widen at high elongation, making it difficult to 
determine their true position ; 

(4) The method can only be used easily at room temperature; 

(5) The result depends on the skill of the operator. 


These considerations, together with those of fatigue to operators and the 
desirability of providing an autographic method, encouraged the design of a 
simple automatic device which would be applicable to the electronic dynamom- 
eter. In this design care had to be exercised to avoid abstracting an appreci- 
able amount of energy for operating the mechanical device by the specimen and 


* Reprinted from The Rubber and Plastics Age, Vol. 38, No. 9, pages 811-813, September 1957. 
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to avoid the creation of areas of stress concentration sufficient to affect the 
validity of the elongations recorded. It is considered that the apparatus de- 


scribed fulfils these requirements and can be utilized for measurements over a 


Fie. 1.—Photograph of extensometer. 
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range of temperatures. A photograph of the complete extensometer is shown 
in Figure 1. 

In order to ensure that the energy abstracted from the rubber is an absolute 
minimum, it was necessary to make the apparatus as nearly as possible in- 
ertialess and frictionless, and such as to impose practically no load on the test- 


Fia. 2,—Measuring assembly. 
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piece. For this reason the measuring assembly and the main frame are sup- 
ported by a symmetical pulley system incorporating tensioning springs and 
counterbalance weights. The pulleys are mounted on precision miniature ball 
races with low friction, and the balance is such that the frame moves under an 
additional load of about 3 grams. 

Two further pulleys are mounted on precision ball races centrally on the 
short (top and bottom) sides of the main frame, as shown in Figure 2. The 
clamps are supported by a cord incorporating tension springs and passing round 
these pulleys. 

The clamps consist of two miniature ball bearings sunk to half their diam- 
eter in two strips of brass. These strips are pivoted together and spring loaded 
so as to apply sufficient pressure on the ball bearings just to close them together. 
Two such clamps are mounted each on a small light framework so that when the 
clamps are attached to the dumbbell the distance apart of the points of contact 
is exactly one inch. The positioning of the clamps on the rubber is controlled 


ELONGATION 
he 


Fie. 3.—Illustrative record. 


by two lugs on the small clampframes, which contain sockets into which pins 
attached to the other clamp fit. The clamp frames are attached one to the left 
cord and the other to the right cord. Thus, movement apart of the clamp 
frames causes rotation of the two pulleys on the main frame. 

The complete extensometer can be set in motion by applying a load of 
about 4 grams to one of the clamp frames. This is a measure of the maximum 
force that the rubber will have to exert to operate the extensometer. 

A toothed wheel is mounted coaxially with the top pulley. This wheel is 
embedded in a proprietary resin which fills in the gaps between teeth, providing 
a smooth track for a light electrical contact. The dimensions of the wheel and 
pulleys have been chosen so that a movement apart of one inch of the clamps on 
the dumbbell produces 10 breaks of the contactor at the circumference of the 
toothed wheel. 
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The makes and breaks of the contactor with the grounded toothed wheel 
operate the relay of the event pen of the recorder. In this manner a record of 
each 0.1 inch increase in elongation is placed on the chart relative to the corre- 
sponding stress signal obtained from the dynamometer, as illustrated in Figure 
3; for the stress measurements use has been made of the multirange amplifica- 
tion which enables a more accurate determination of the stress, particularly at 
low elongations, to be made at each 10 per cent elongation. A device is in- 
corporated to give an enlarged mark at every 100 per cent elongation. 


MODE OF OPERATION 


The operator fits the dumbbell into the testing machine, which uses the 
Gavin type of grip. The clamps are then clipped to the dumbbell, ensuring 
that the lugs are correctly positioned. As extension proceeds the clamps move 
apart and rotate the toothed wheel; there is also a downward movement of the 
upper clamp, and the main frame, which is delicately balanced, follows this 
movement. - Figure 2 shows the relative positions of the clamps and the lower- 
ing of the frame after about 200 per cent extension. The system is sufficiently 
robust to withstand the sudden rupture at break without damage. 


EVALUATION OF THE EXTENSOMETER 


Rubbers tested.—Five rubbers differing in hardness and hence in stress-strain 
relationship were tested ; the hardness ranged from 36 to 83 B.S. degrees. 

After conditioning for a minimum of 24 hours in the dark at 20 + 2° C, 
dumbbells were cut along the grain from random positions in the cured slabs, 
using a Schopper press. The dumbbells used were Type C and Type D*. The 
thickness of the dumbbells was determined using a standard thickness gage 
and the dumbbells were then dusted with French chalk; those for the pendulum 


I 
RELATIVE Times REQUIRED 

P = Pendulum tester 

R = Electronic and ruler 


E = Electronic and extensometer 
Times in minutes for 50 dumbbells 


Type C Dumbbells 


P R E 
Test 112 84 80 
Work out results 110 60 57 
Check results 59 31 32 
281 175 169 
% of Pendulum test 100 62 
Type D Dumbbells 


P R E 
Test 118 88 87 
Work out results 97 57 50 
Check results 54 32 34 
269 177 171 
% of Pendulum test 100 66 63 
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type tensile test machine and for the tests using the electronic tester with ruler 
elongation measurement were marked with benchmarks at the required gage 
length ; no benchmarks were required for the new extensometer. 

Test procedure.—Since the sole purpose of this investigation was to compare 
the performance of the new extensometer with the conventional ruler method, 
every effort was made to eliminate the effect of personal bias, to maintain 
identical testing conditions, and to minimize differences in specimen prepara- 
tion. The test specimens were prepared by the same person, who performed 
all the tensile tests. These were carried out at a temperature of 20 + 2° C 
with machines giving rates of traverse of the driven grip of 20 + 2 inches per 
minute. 

Ten specimens of each shape from each mix were tested by three methods: 
(1) conventional pendulum tester with ruler elongation measurements; (2) 
electronic force measurement with ruler elongation measurement; (3) electronic 
force measurement with new extensometer. 

The values of the tensile strength, elongation at break, and stress at 100 per 
cent, 200 per cent, 300 per cent, 500 per cent and 700 per cent elongation were 
determined. The coefficient of variation was evaluated from the results ob- 
tained. In addition, the times required to carry out the test, work out the 
results and check the results, were noted (Table I). 


DISCUSSION 


Breaking elongation—The criterion for the success of the extensometer is 
that there should be no significant decrease in the elongation or stress recorded 
at break. An examination of the test results shows that in all mixes for either 
dumbbell there is no statistically significant difference between the results either 
for means or medians. 

In confirmation of the results found from the elongation measurements, an 
examination of the position of break from the dumbbells tested by the new ex- 
tensometer was carried out. This showed there was no tendency for breaks 
to take place other than in a random manner. 

Tensile strength.—There is no statistically significant difference between the 
results yielded by the different methods. 

Stress at given elongation.—For softer rubbers at low elongations there is a 
significant difference between the results of the pendulum method and those of 
both the electronic methods, those given by the electronic methods being mark- 
edly higher wherever the stress is less than about 300 psi. This is attributed to 
the greater inertia and friction in the pendulum dynamometer, as was found in 
a previous comparison’. There is usually no significant difference between the 
results obtained with the automatic extensometer and by the use of a ruler with 
the electronic testing machine. The coefficient of variation is markedly lower 
for the extensometer method, which demonstrates that stress at a given elonga- 
tion can be more accurately determined at low elongations by this method than 
by the conventional ruler method. 

For the higher stresses the results given by the three methods do not differ 
significantly. 

Time for testing. —As will be seen from the records of time taken in carrying 
out the tests (Table I), there is a considerable saving. This is achieved partly 
in the actual testing, but mainly in the time required to work out and check the 
results. 
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CONCLUSIONS 


The prototype extensometer, which has now been in constant use for over 
a year, gives satisfactory results which compare favorably with those of the 
conventional method. 

The use of this extensometer, which is a simple mechanical device, robust and 
reliable in operation, removes the last obstacle from autographic recording of 
tests using dumbbell specimens, thus permitting a considerable increase in 
speed of tensile testing. 
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THE WANDERBILT LABORATORY 


... Located in East Norwalk, Connecticut. 
Maintained as a development and 
technical service center in the interest 

of our customers and their efficient use 
of Vanderbilt materials for Dry Rubber, 


Latex, and Plastics Compounding. 
A Product of Vanderbilt Research 


NEW ... improved 
better dispersing 


ALTAX* 


Unquestionably the 
best for easy factory 
handling. 

Specify this new 
ALTAX when ordering. 


*T.M. Reg., U.S. Patent Office 


VANDERBILT CO., INC. 


230 Park Avenue, New York 17, N. 
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IMPORTANT NOTICE 


AVAILABLE TO HIGHEST BIDDER 


One complete set (all volumes) 1928-1957 in good con- 
dition will be sold to the highest bidder. The minimum 
bid that will be accepted is $450.00. 


Sealed bid with accompanying check is to be forwarded 
to Mr. George Popp, Treasurer, c/o Phillips Chemical 
Company, 318 Water Street, Akron 8, Ohio, and must 
be received before 12 Noon, December 31, 1958. The 
funds received from the sale of this set will then be 
donated by the owner to the building fund of The 
American Chemical Society. All bids should be for- 
warded via registered mail with our receipt requested 
by the bidder, otherwise the bid shall be disqualified. 
All monies must be in United States funds. 


After the highest bidder has been selected all bidders 
shall be so notified and his checks or money orders 
returned. Ultimate purchaser shall advise how the 
complete set shall be transferred to him and will be 
required to absorb all mailing and/or transportation 
costs to his desired destination. 


Georce E. Popp, Treasurer. 
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COLOR IS THE KEYNOTE for fast-sell- 
ing protective and antifatigue mats. 
Car owner and housewife alike de- 
mand color to harmonize with auto- 
mobile and home décor. 

For brilliant colors that ast. . . 
and economy too. . . there is no 
better rubber than Shell S-1006 (hot) 
or S-1502 (cold). Both are light- 
colored, non-staining and well- 
suited for white or colored products 
of all kinds. 


The Shell Chemical plant at Tor- 


MATS FOR CARS AND HOMES? 


Make them from 
SHELL SYNTHETIC RUBBER 


rance, California, is your source of 
a full line of butadiene-styrene syn- 
thetic rubber . . . hot, cold, oil- 
extended and black masterbatch, as 
well as hot and cold latices. 


To help you use these synthetic 
rubber products to best advantage, 
the Shell Technical Service Labora- 
tory offers expert assistance. Write, 
phone or drop in and see us for a 
catalog and information on specific 
types of synthetic rubber. Our num- 
ber in Los Angeles is FAculty 1-2340. 


SHELL CHEMICAL CORPORATION 


Synthetic Rubber Sales Division 
P.O. Box 216, Torrance, California 
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Test sheet being cut from rolls for shrinkage test that proves advantages of using Ameripol 1009. 


Give your compound better appearance, 
smoother surface, dimensional stability, 
reduced shrinkage with Ameripol 1009 


You can obtain important 
special processing advantages 
with a minimum reduction 
in physical properties. Used 
up to 15% in conjunction 
with other synthetic rubbers 
and natural rubber, Ameripol 
1009 will reduce shrinkage 
and swell during and after 
processing. Its use also 
promotes smoother 
and extruded stocks and gives 
good dimensional stability. 
The use of non-staining, 


non-discoloring antioxidant 
makes Ameripol 1009 appli- 
cable for both dark and light 
colored goods. It is presently 
being used as a processing aid 
in a wide variety of molded, 
extruded, and calendered 


For more information on 
how Ameripol 1009 can give 
you important processing 
benefits, write Goodrich-Gulf 
Chemicals, Inc., 3121 Euclid 
Avenue, Cleveland 15, Ohio. 


PREFERRED 


Goodrich-Guif Chemicals, Inc. 
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To the 
Rubber Industry! ~ ~ - 


This Journal is supported by advertising 
from leading suppliers to the industry. More 
advertising will permit the publication of a 
greater number of important technical papers 
on rubber which will make RUBBER CHEM- 
ISTRY AND TECHNOLOGY even more valu- 
able as a convenient reference of ‘‘ Rubberana.’’ 


Specify materials from suppliers listed on 
page 34. Urge other suppliers to advertise in 


RUBBER CHEMISTRY AND 
TECHNOLOGY 


Advertising rates and information about 
available locations may be obtained from 
KE. H. Krismann, Advertising Manager, Rubber 
Chemistry and Technology, ¢/o E. I. du Pont de 
Nemours & Company, 40 E. Buchtel Ave. at 
High Street, Akron 8, Ohio. 
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BEGoodrich Chemical 


Summertime 


ie can assure uninterrupted 
production by preparing in ad- 
vance for scorching problems with a 
supply of Good-rite Vultrol. It re- 
quires no special handling. Good-rite 
Vultrol prevents scorching all 
year round by retarding cure at proc- 
essing temperatures. It serves as a 
mild activator at curing tempera- 
tures. And in addition, use of Vultrol 
makes possible remarkable savings 
in recovery of scorched stock. 

Good-rite Vultrol is beneficial in 
the processing of high-loaded or 
highly accelerated compounds, too. 
For tire tread compounds, it is par- 
ticularly effective with high-abrasion. 
furnace blacks. 

Supplied as a free-flowing flake, 
Good-rite Vultrol is economical and 
easy to use. It saves you time, money 
and labor. For more information, 
write Dept. HP-5, B.F.Goodrich 
Chemical Company, 3135 Euclid 
Avenue, Cleveland 15, Ohio. 


a division of The B.F. Goodrich Company 


BEGood rich 
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protect against Score Ing 
with Good-rite VULTROL 
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... Get Hep to 


STABILITE 


ANTIOXIDANT 


* Manufactured by Chemico, Inc. 
Distributed by The C. P. Hall Co. 


| See CPHall | 


CHICAGO, ILLINOIS CHEMICAL MANUFACTURERS @ 
NEWARK, N. J. 


DON'T BE AN Old Fashioned cOMPOUNDER 

aN VACA is 7, ) 
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ST. JOE lead-tree ZINC OXIDES were first produced by our 
unique electrothermic smelting process in 1931. Since then these 
pigments have found steadily increasing acceptance by the rub- 
ber industry as primary ingredients in their products. 

The various reasons for this acceptance may be summed up 
thus: By virtue of years of experience with St. Joe pigments, con- 
sumers have come to know St. Joe's high and undeviating stand- 
ards of quality and uniformity. They rely on these factors to main- 
tain or increase the quality of their own products. 

The earned preferential status enjoyed by our pigments in the 
rubber industry parallels the standing of other well-known prod- 
ucts of this company — the largest producer of pig lead and one of 
the leading producers of slab sinc and lead-free zinc oxides in the 
United States. 


SEND FOR YOUR FREE COPY 


describes in detail each ST. JOE RUBBER 
GRADE ZINC OXIDE, and is available — 


in the picture 


Car loaded with white Grenadier 
Gaytees is pushed into a gigantic 
vulcanizer for curing. 


Courtesy: U. S$. Rubber Co. 


ST. JOSEPH LEAD CO. 


260 Park Avenue, New York 17 
Plant & Laboratory: 


Monaca (Josephtown), Pa. 


Our recently published 
‘ 
Agents and Technologists. 
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JUST PUBLISHED 


VOLUME II 
MACHINERY and EQUIPMENT 


for 


RUBBER and PLASTICS 


Covering 
SECONDARY MACHINERY AND EQUIPMENT 


Volume 2 has over 700 pages of editorial content 
with authoritative descriptions for each classifica- 
tion: Types, Specifications, Design Features, 
Operation, and Applications, as well as names 
and addresses of the manufacturers or suppliers. 
More than 300 illustrations. Cloth-bound. 


Send for complete prospectus 


Over 4,000 Copies of Volume 1 have been sold 


Volume 2—$15.00 Postpaid in U.S. A.— 
$16.00 elsewhere 


RUBBER WORLD 


386 Fourth Avenue New York 16, N. Y. 
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SUPERIOR ZINC CORPORATION 
121 North Broad Street Philadelphia 7, Penna. 


Works at Bristol, Pa. 


VULCANIZED VEGETABLE OILS 
RUBBER SUBSTITUTES 


REPRESENTED BY 


HARWICK STANDARD CHEMICAL CO. 


Akron — Boston — Trenton — Chicago — Denver — Los Angeles — 
Albertville (Ala.) — Greenville (S. C.) 
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TYPICAL HOLDING DEVICES 
FOR SCOTT TESTERS 


Whatever your tensile evaluation problem, Scott has a 
clamp acceptable for solving it, in accordance with ASTM 
methods and in step with their most advanced thinking. 
The 19 fixtures shown are but a few of some 150 available 
for making your Scott Tester* the most versatile and valu- 
able tool in its field. 


Request Clamp Literature 


SCOTT TESTERS, ING, 
tandard of the Wasld 
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WHIT ETEX 


+ for rubber. 


A new white and bright pigmen 
bber or plastics. especially vinyls. 


synthetic 


For full de 
tails, write 
Service Dept. 


SOUTHER 


33 RECTOR STREET 
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HUBER CARBON BLACKS 

Wyex EPC Arogen GPF 
Easy Processing Channel Black General Purpose Furnace Black 
Arrow MPC Aromex CF 
Medium Processing Channel Black Conductive Furnace Black 
Essex SRF Aromex ISAF Intermediate 
Semi-Reinforcing Furnace Black Super Abrasion Furnace Black 
Modulex HMF Arovel FEF 
High Modulus Furnace Black Fast Extruding Furnace Black 

Aromex HAF 

High Abrasion Furnace Black 


HUBER CLAYS 
Gley « High Reinforcement 
oece Very Low Grit, High Reinforcement 
Paragon « Easy Processing 
LGP ° “Very Lew Grit, Easy Processing 
Hi-White R: White Color 


HUBER RUBBER CHEMICALS 
Turgum S, Natac, Butac. . . . Resin-Acid Softeners 


Aktone .. - « Accelerator Activator 
- Reinforcing White Pigment 


The Worlds Wichly for 


World wide news coverage provides international items of 

interest to readers in all parts of the world every week. 
A year’s subscription to Rubber Journal & Internationa! Plastics 

costs £2.158.0d or $7.70 including postage. Write for details to: 


Rubber Journal & International Plastics 
Subscription Department, Maclaren House 
131 Great Suffola Street 


YEAR OF 
PUBLICATION 
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RUBBER CHEMISTRY AND TECHNOLOGY 
IS SUPPORTED BY ADVERTISING 
FROM THESE LEADING SUPPLIERS 


INDEX TO ADVERTISERS 


American Cyanamid Company, Organic Chemicals Division. .. . 
American Zinc Sales Company 

Cabot, Godfrey L., Inc 

Carter Bell Manufacturing Company, The 

Columbia-Southern Chemical Corporation 

Columbian Carbon Company (Opposite Table of Contents) 

Du Pont, Elastomer Chemicals Department (Chemicals) 

Du Pont, Elastomer Chemicals Department (HYPALON) 

Enjay Company, Inc 

Goodrich, B. F. Chemical Company (Hycar) 

Goodrich Gulf Chemicals 

Goodyear, Chemical Division 

Hall, C. P. Company, The 

Harwick Standard Chemical Company 

Huber, J. M., Corporation 

Monsanto Chemical Company 

Naugatuck Chemical Division (U.S. Rubber Company) Chemicals 15 
New Jersey Zinc Company, The (Outside Back Cover) 
Phillips Chemical Company (Philblack)...................... 2 
Phillips Chemical Company (Philprene) 

Richardson, Sid, Carbon Company 
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Rubber Journal and International Plastics 

Rubber World 
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Scott Testers, Inc 
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The Publishers of 
RUBBER AGE 


proudly announce 


ADHESIVES AGE 


.. an urgently-needed 


NEW MAGAZINE 
SERVING THE 
ADHESIVES 
INDUSTRY 


As readers of Rubber Age well know, adhesives are becoming an 
increasingly important part of manufacturing and distribution in- 
dustries . . . speeding production, cutting costs, making new and 
improved products possible—across all indusiry. There are tre- 
mendous opportunities for growth, expansion, sales and profits for 
men and companies prepared to take advantage of them. 


Now .. . for the first time—to provide important information on all 
phases of adhesives—there will be a magazine, ADHESIVES AGE, 
that deals with adhesives exclusively; technology, production, ap- 
plication, sales. Think about it! In as much time as you want to 
spend with each issue, you will be expertly informed on the develop- 
ments you are most interested in. 


A Charter Subscription will bring you 12 issues for only $5.00 
Add yearly postage of 50¢ for Canadian 
and $1.00 for foreign subscriptions. 


PALMERTON PUBLISHING CO., INC. 
101 West 31st Street, New York 1, N. Y. 


Also Publishers of: Rubber Age — Monthly technical journal on rubber 
Rubber Red Book — Directory of the Rubber Industry 
Distributors of: The Rubber Formulary — the “Pharmacopeia” for rubber 
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FOR EXTRA HIGH RESISTANCE 


TO DETERIORATION, 


MAKE YOUR PRODUCTS WITH 


HYPALON 


(DU PONT SYNTHETIC RUBBER) 


HEAT-RESISTANT—Hyra.on shows un- 
usual resistance to hardening at ele- 
vated temperatures (250°-350°F.). 
Ask for Reports 56-4 and BL-306. 


OZONE-RESISTANT—Exposure to ozone 
concentrations up to 150 ppm—a mil- 
lion times atmospheric concentra- 
tions—have shown that compounds of 
HYPALON are unaffected by ozone. 
Ask for Report 56-4. 


WEATHER-RESISTANT—Compounds of 
Hypaton, brightly colored, white or 
black, do not lose their physical 
properties or appearance during long 


outdoor exposure. Ask for Reports 
56-4 and BL-328. 


CHEMICAL-RESISTANT — Concentrated 
sulfuric acid and hypochlorite solu- 
tions have little or no effect on com- 
pounds of Hypaton. Their superior 
resistance to oxidizing agents is a dis- 
tinct advantage over other rubber 
compositions. Ask for Report 57-10. 
Hypa.on also offers superior scuff 
and abrasion resistance—plus oil and 
grease resistance. Properly com- 
pounded vulcanizates of HYPALON 
will resist flex cracking and crack 
growth, will not support combustion. 


Report 56-4 discusses compounding and processing of HyYPALON 20 


Ask our District Offices for the reference reports if you don’t have them. 


E. 1. du Pont de Nemours & Co. (Inc.), Elastomer Chemicals Department, Wilmington 98, Delaware 


5. pat OFF 


Better Things for Better Living 
++ through Chemistry 


DISTRICT OFFICES 


Akron 8, Ohio, 40 E. Buchte! Ave. at High St 

Atlanta, Ga., 1261 Spring St, TRinity 5-5391 
Boston 10, Mass., 140 Federal St. 
Charlotte 1, N. C., 427 W. 4th St. 
Chicago 3, Ill., 7 South Dearborn St. 
Detroit 35, Mich., 13000 W. 7 Mile Rd. 
Houston 6, Texas, 2601A West Grove 
Los Angeles 58, Calif., 2930 E. 44th St. 
Palo Alto, Calif., 701 Welch Rd. 


HAncock 6-1711 
FRanklin 5-5561 


In Canada contact: Du Pont Company of Canada (1956) Ltd., Box 660, Montreal 


} 
in New York call WAlker 5-3290 
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NDARD CHEMICAL Co. 


AKRON 5, OHIO aren 
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rormucare FASTER! 


the Horse Head line comprises the most 
complete family of Zinc Oxides for rubber: 
1. It is the only line having such a wide range of particle 
sizes, surface and chemical 
‘2. Its conventional types cover the range of American 
and French Process oxides. 
3. Its exclusive types include the well-known Kadox 
t means you need not waste time adapting a si 
Zinc Oxide to fo specific compound. Instead, just choose 
from the Horse Head line the Zinc Oxides that best meet 
your n 


rormutate BETTER! 


... Because you need to compromise less when you 
choose from the wice bevy of Horse Head Zinc Oxides. 
. »« Because the Horse Head brands can improve the 
properties of your compounds. 
ear after year, for nearly a century, more rubber 
manufacturers have used more tons of Horse Head Zinc 
Oxides than of eny other brands. 


THE NEW JERSEY ZINC COMPANY 


Producers of Horse Head Pigments 
. .. the most complete line of white pigments—— 
Titanium Dioxides end Zine Oxides 


160 Front Street, New York 38, N. Y. 
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